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CHAPTER 1. INTRODUCTION
1. Statement of the Problem
The combination models combine both the energy conservation and aerodynamic
principles. The Penman equation is the most widely used combination model for
estimating reference evapotranspiration (ET) (Rosenberger et al., 1983; Weiss, 1982). A
reason for the widespread popularity of the Penman approach is that it eliminates surface
temperature and requires measurements of air temperature, air vapor pressure, and wind
speed at one level only.
Pruitt and Doorenbos (1977) indicated that the Penman combination equation has
serious accuracy problem in estimating reference ET when daily or longer-period mean
weather data are used. The accuracy of this method has been increased considerably using
hourly weather data and adding atmospheric stability (Katul and Parlange, 1992; Mahrt
and Ek, 1984; Pruitt et al., 1987).
The performance of the Penman equation depends on the conditions of the surface
canopy. Several empirical versions of the Penman equation have been developed to
estimate reference ET (Cuenca, 1988; Jensen et al., 1990). The application of the
empirical versions of the Penman equation to compute reference ET requires a well
irrigated grass (Alta fescue or alfalfa) with a height between 8-15 cm and free of diseases2
and weeds. However these conditions are very difficult to accomplish when these models
are applied on a regional or local scale due to the spatial variability of plant, soil, and
weather conditions.
Several researchers have indicted that the Penman-Monteith combination equation
presented a better performance for predicting reference ET than different versions of the
Penman equation with an empirical wind function. (Allen, 1986; Jensen et al., 1990; Katul
et al., 1992). This formulation combines the physical and physiological principles of
evapotranspiration from a canopy surface. The application of the Penman-Monteith
combination equation requires accurate values of the aerodynamic resistance (ra) and
canopy resistance (0. Atmospheric stability could be added in the parameterization of ra
to account for the effect of nonlinear interactions between the diurnal variation of wind
speed, vapor pressure deficit, and air temperature. The canopy resistance, which
represents an average of the stomatal resistance in the canopy, describes the control of
transpiration by the plant community.
The parameterization of the aerodynamic resistance is much easier than that of
canopy resistance. Several approaches has been developed to predict the aerodynamic
resistance (Brutsaert, 1982; Myrup et al., 1985; Verna, 1989). For irrigation water
requirement the effect of atmospheric stability on ra has been neglected (Allen, 1986;
Jensen et al., 1990; Katul et al., 1992). Several researchers have indicated that the thermal
stability term in the ra could significantly improve the accuracy of the Penman versions
(Mahrt and Ek 1984; Webb, 1984; Katul and Parlange, 1992). The effects of stability on
the ra are generally expressed in terms of two non dimensional parameters; the Richarson
number and Monin-Obukhow parameters (Monteith and Unsworth, 1990).3
The canopy resistance is very difficult to estimate and with the technology
available today it is impossible to predict accurately (Fitter and Hay, 1991; Monteith,
1985; Stewart, 1984). Several empirical models to predict canopy resistance have been
developed (Boersma et al., 1991; Jarvis, 1976; Stewart, 1989; Stannard, 1993). But these
models require local calibration because they include empirical parameters which are
highly dependent on the interactions (in many cases nonlinear interactions) of plant, soil,
and atmospheric conditions over the canopy resistance. The parameterization of the
stomatal and canopy resistance behavior is more complex when plant specie and variety
and field management (fertilization, irrigation, weed control, etc.) are considered.
At reference conditions, the canopy resistance could be an important factor in
reducing the transpiration from the canopy surface because plants have an internal
resistance which controls the stomatal opening and canopy resistance when the
atmospheric demand for water vapor is greater than the water uptake capacity of the root
system (Fitter and Hay, 1991; Oke, 1987; Stewart, 1984). This situation is not considered
by the traditional versions of the Penman equation and as a result the equation generally
tends to overpredict reference ET. Using the Penman-Monteith equation to estimate
reference ET this problem could be reduced (Allen, 1986; Katul et al., 1992). In this
model the problem then is to select the right value of canopy resistance. The canopy
resistance values ranges from 10 to 200 s m-1 according to the literature (Monteith, 1985;
Rowntree, 1991). Also the Penman-Monteith equation could be used to compute actual
ET under non saturated soil conditions, but a complex parameterization of canopy
resistance, which includes the nonlinear interactions of atmospheric, plant, and soil
conditions, is required.4
To avoid the need for accurate values of canopy resistance for soil conditions
equal or less than field capacity, the residual energy balance (REB) method could be used
instead of the Penman method. In the REB method, evapotranspiration (or latent heat
flux) is computed as the difference between energy available and sensible heat flux. The
effect of the nonlinear interactions of many biological and environmental factors on the
canopy resistance are directly considered by the heat transfer between the crop canopy and
the air. When stomatal resistance increases for any reasons (soil water stress, high
atmospheric demand for water vapor, diseases, inadequate field management, etc.) the
sensible heat flux is increased and latent heat is reduced. Eliminating canopy resistance
results in less errors in computing either actual or reference ET when the REB approach
is used. However, the application of this method has been tremendously limited by the
availability of surface temperature measurements. Today, advances in instrumentation
technology and airborne radiometer allow for more accurate, reliable measurement of
surface temperature (Hatfield, 1985; Hatfield and Wanjura, 1985). The REB method
should be valid for all land surface and could be extended to estimate regional ET in
combination with the classical technique to compute sensible heat flux. If the surface
temperature is available then the main disadvantages of this method is the need to
determine aerodynamic roughness of the surface. According to Garratt (1984), the REB
method is most reliable for surface of low roughness or in conditions of high ET. For low
rough surface such as most of agricultural crop the aerodynamic properties of the surface
are well understood (Brutsaert, 1982; Jensen et al., 1990). However, aerodynamic
properties of the surface are very difficult to measure accurately for forest and
heterogeneous plant communities and the application of the REB method could be limited.5
2. Objectives and Scope
The objective of this study is to evaluate the performance of the residual energy
balance, Penman, and Penman-Monteith combination methods to predict
evapotranspiration for a grass canopy under different atmospheric and soil moisture
conditions. Since the REB method requires estimation of sensible heat flux, the model
used to estimate that flux is of central importance. The specific objectives of the present
research are therefore :
1. To evaluate a sensible heat flux model with an aerodynamic resistance corrected for
atmospheric stability using the OSUlDPBL atmospheric stability function over a grass
canopy under different atmospheric and soil water status conditions.
2. To evaluate the residual energy balance using the aerodynamic technique to estimate
sensible heat flux and Penman equation to compute reference ET over a grass canopy
under different atmospheric conditions. Both, residual energy balance and Penman
methods include an aerodynamic resistance corrected for atmospheric stability using the
OSUlDPBL atmospheric stability function.
3. To evaluate the residual energy balance in combination with the aerodynamic technique
to estimate sensible heat flux and Penman-Monteith equation to compute actual
evapotranspiration over a grass canopy under different atmospheric and soil water status
conditions. Both, residual energy balance and Penman-Monteith method include an
aerodynamic resistance corrected for atmospheric stability using the OSUlDPBL
atmospheric stability function.6
4. To develop a canopy resistance formulation at the Oregon Evapotranpiration
Investigation Plot (ETIP) to be used in the Penman-Monteith combination equation to
compute actual ET under different atmospheric and soil water status conditions.7
CHAPTER 2. LITERATURE REVIEW
1. Surface Energy Balance for a Crop Canopy.
Many researchers have been using the surface energy balance equation as a
physical base to derive mathematical expressions to estimate the evaporation flux
components from the surfaces, especially in agricultural canopies ( Bowen 1926; Monteith
1965; Penman ,1948; Priestley and Taylor 1972). The surface energy balance, which is
based on the physical principles of energy and matter conservation in a plant environment
is defined as :
13,,, = LE+ H+ G + AM + AP [11
where
Rn = net radiation, W In-2
LE = latent heat flux, W m2
H = sensible heat flux, W In-2
G = soil heat flux, W m2
AM= net rate of physical heat storage by plant biomass, W m2
AP = net rate of biochemical energy storage due to photosynthesis, W m2
The latent heat flux is the major energy consumer where water is present and Rn
is the major energy supplier, except in the special instance when sensible heat flux is also a8
significant source of energy (oasis effect). The oasis effect occurs when warm, dry air
blows over a cool moist surface such as a well irrigated crop surrounding by dry land. In
comparison with most other terms in equation [1] the value of AP is so small that it is
often neglected in crop and forest canopies (Oke, 1987; Nobel, 1983; Lowry, 1989). This
term only account about 1% of the daily cumulative solar radiation. The storage term can
be neglected for conditions where there is not appreciable change of the mean temperature
in the surface canopy and for flat barren land (Stull, 1988). However, neglecting the
change in energy storage in a forest canopy can lead to significant error in ET estimates
over periods shorter than a day (Rose and Sharma, 1984). Therefore the vertical energy
balance at the soil surface or at the effective surface of a crop canopy can be defined by:
lin = LE+ H+ G [2]
By convention, net radiation is positive during the daytime because there is more
downward radiation entering the surface that leaving upward and negative during the
nighttime because there is a net loss of energy by long wave radiation. A positive value of
latent and sensible heat flux indicates that heat and moist are transported away from the
warm surface. A positive value of soil heat flux is observed when heat is conducted
downward into the soil from the warm surface. A negative value of sensible heat flux is
produced when the air is warmer than the surface and a downward heat flux from the air is
produced. A negative value of latent heat flux is produced when dew or frost is formed
over the surface. Conduction of heat from the warm soil up to the cooler air surface
makes soil heat flux negative.9
2. Estimation of Net Radiation Over a Crop Canopy.
Net radiation is the main driving force that governs the land surface processes in
the plant community. The parameter is defined as the summation of outgoing and
incoming radiation. Both downward and upward radiation include short-wave radiation
(0.15 to 3.0 p.m) and long wave radiation (3.0 to 100 p.m). The mathematical expression
can be described as follows:
11,1=1-RsTRs + IR!TRI
where
IA= incident short-wave radiation, W In-2
TRs= reflected short-wave radiation, W In-2
IA= incident sky radiation, W In-2
tRi =emitted terrestrialradiation, W In-2
[3]
The net radiation can be measured directly using a hemispherical radiometer and
net radiometer or estimated from net short-wave and long wave components.
Unfortunately, most weather stations do not include net radiation measurements, and only
in the best cases short-wave radiation could be available. Brutsaert (1982), Cuenca
(1988),and Jensen et al. (1990) present methologies to compute net radiation from a
series of empirical relationships when radiation components are not available.3. Estimation of Soil Heat Flux in the Crop Canopy
The flux of heat into and out of the soil system is a process of conduction. The
rate of heat storage or release can be expressed by
G = XsdT
dz
where
= soil temperature gradient, °K
Xs = thermal conductivity of the soil, J. m-4. s-1.0K-1
dz = distance between measuring point, m
10
[4]
In practice the application of equation [4] is difficult due to high variability of the
Xs and the unavailability of soil temperature data. Approximation of soil heat fluxover
long periods of time can be obtained by measuring the soil temperature to a depth of 2m.
That temperature changes approximately with average air temperature and the volumetric
heat capacity of the soil (Jensen at al., 1990). Using this approach G can be estimated
(TT
S
) G = C 1+1
dt
where
[5]11
G = average daily soil heat flux, MJ In-2C1-1
Cs = heat capacity, m j.m-2.o C-1
T = mean air temperate, °C
i= time period
dt = time between the midpoint of the two periods, d
For short periods of time soil heat flux can be estimated with a combination of two
soil heat plates and two thermocouples (Campbell Scientific, INC., 1988). Plates measure
the average heat flux and thermocouples measures the soil heat storage between the plate
and the surface. These parameters can be related as
G=HF+HS [6]
where
HF = average heat flux in the surface layer, W
HS = average heat storage in the surface layer, W m2
The storage term is a function of soil properties, soil moisture content and
temperature change per unit time within a specific soil surface layer. The soil heat storage
can be calculated from the expression :
HS= BD(CS+CW)dT
m dt
[7]12
where
BD = bulk density of the soil surface layer, kg . m-3
CS = specific heat of dry soil, J kg1° C-'
em = soil moisture content on a mass basis, fraction
CW = specific heat of water, J kg-
10 C -1
dT = change in soil temperate, °C
D = fixed depth at which the soil temperature is measured, m
dt = time interval, s
4. Estimation of Sensible Heat Flux Over a Crop Canopy
The sensible heat flux is defined as the flux of energy transferred between the
surface and the air by convection. In the laminar boundary layer, which is in direct contact
with the surface (a few millimeters thick), the heat transfer is governed by molecular
agitation. However in the turbulent boundary layer, farther from the leaf surface, the
transfer of sensible heat is mainly controlled by turbulent eddies. The turbulent eddies
decrease as the surface is approached until finally they merge with molecular agitation in
the laminar boundary layer (Monteith and Unsworth, 1990). The vertical flux of sensible
heat can be estimated as :
H = pa Cp Kh; [8]13
where
H = sensible heat flux, W m2
pa= air density, kg rn-3
Cp= specific heat of the air at constant pressure, J kg- 1o K-1
Kh= turbulent exchange coefficient for heat, m2 s-1
ae _i = potential air temperature gradient, °K m
az
In the laminar boundary layer the Kh is replaced by a diffusion coefficient for heat
(Dh). Since the Kh is much larger than Dh and the molecular diffusion is neglected.
Therefore, the transfer of heat over the plant community is mainly explained by turbulent
exchange of heat. The Kh, which is a function of the momentum exchange and
atmospheric stability can be computed :
Kh = k u. (z,d) 4:13c1
where
k = von Kalman constant of proportionality, 0.41
us = friction velocity, m s-1
zt = temperature measurement height, m
d = zero plane displacement, m
4:13h =atmospheric stability function for heat, dimensionless
The friction velocity can be estimated from the wind profile for non-neutral
conditions as follows :
[9]au k (zd) u. =
w 0 17.1.
az
where
au = wind speed differential between two levels, m s-1
az = differential between levels, m
zw = wind speed measurement height, m
(I).= atmospheric stability function for momentum, dimensionless
Introducing equation [10] into [9], the turbulent exchange for heat becomes
14
[10]
Kh = let(z,d) (z,,d)(Oh 1.)-1 [11]
It is a common useful simplification to express equation [8] through the
atmosphere in integrated form. Applying the analogy of Ohm's law, the sensible heat flux
in the crop canopy can be estimated in terms of temperature gradient and an aerodynamic
resistance for heat transfer. The aerodynamic resistance term can be computed as :
I. dz
rahj ah Kh
and sensible heat flux becomes
[12]H=PaC -(T T"
)
rah
15
[13]
where
T. = surface temperature, °K
T. = air temperature, °K
rah = aerodynamic resistance for heat , s nf1
The equation [13] is the classical aerodynamic model for sensible heat flux. The
aerodynamic resistance for heat integrated from the canopy surface to a specific level (z)
can be expressed :
14(zd)/ zom] 14(zd) / zh]pi rah = le u
or in a simplified form :
1
rah =Ch U
where
z= wind and air temperature measurement height, m
zom= surface roughness length for momentum transfer, m
zh = surface roughness length for heat transfer, m
[14]
[15]16
F = generalized stability function which represents the combined effect of Om and Oh.
Ch = exchange coefficient for heat, dimensionless
u = horizontal wind speed, m-
The exchange coefficient for heat includes F, k and aerodynamic properties of the
canopy surface. There are a number of methods of measuring the aerodynamic properties
of the surface (Brutsaert, 1982; Myrup et al., 1985; Verna, 1989). The most usual
method is by making measurement of the wind profile over an extensive uniform canopy
and deriving values of d and zom. However d and zon, are very difficult to measure
accurately for forest and heterogeneous plant communities (Stewart, 1984). For low,
rough surfaces such as most agricultural crops the aerodynamic properties of the surface
are well understood and they can be estimated by empirical relationships which relate the
rough properties of the surface with canopy height ( he ). Brutsaert (1982) and Jensen et
al. (1990) suggest that d, zom, and zh could be estimated using equations [16], [17],and
[18], respectively.
d=2hc
zom = a 1. k
zh = 0.1. zom
[16]
[17]
[18]
Several approaches have been developed to estimate the F function (Oke, 1987;
Monteith, 1990; Pruitt et al., 1973). The value of F is greater than one under unstable
conditions and less than one under inversion (or stable) conditions. F approaching one
implies neutral conditions. The F function depends on surface characteristics and the bulk17
Richardson number for the surface layer (RiB). F can be expressed for stable and unstable
atmospheric conditions by equations [19] and [20], respectively.
F = e' [19]
15RiB
F = 1
1+ 75
k2 (R's (zd)
)
0
*5
[20]
ln(d))14(zd)) Zom
Zom zh
The RB which is the ratio of the production of energy by buoyancy forces to
dissipation of energy by mechanical turbulence can be expressed as :
RB =g(TsTa)z
Tavg211
[21]
where
g= acceleration of gravity , 9.81 ms2
z= wind speed and air temperature height, m
Tavg = averaged temperature in the profile, °K
The parameterization for F comes from the Oregon State University One
Dimensional Planetary Boundary Layer model (OSUlDPBL) (Ek and Mahrt, 1991; Mahrt
and Ek, 1984).18
5. Estimation of Sensible and Latent Heat Flux Over a Crop Canopy by the Bowen
Ratio Energy Balance Method
The Bowen ratio energy balance (BREB) method, an indirect method to estimate
sensible and latent heat flux over the crop canopy, can be written as follows :
RLE
The sensible heat flux can be estimated by equation [8] and latent heat flux is
computed as follows
LE=
PaCpKw a e
yaz
where
Kw = turbulent exchange coefficient for water vapor, m2 s 1
y= psychrometric constant, mb° C-1
ae
= air vapor pressure gradient between two levels, mb m'
az
[22]
[23]
Assuming that the turbulent transfer coefficients for heat (Kh) and water vapor
(Kw) are equal and that there is one dimensional vertical flux, the Bowen ratio can be
estimated from measurement of the air temperature and humidity gradients.At
137Ae
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[24]
Combining the surface energy balance (equation 2) and the Bowen ratio approach, the
sensible heat flux can be estimated by equations [25] and [26], respectively.
LE .Rn G
1 +(3
H_0 (RnG)
(1+ PO
[25]
[26]
The BREB method has become one of the most useful meteorological methods to
estimate sensible and latent heat flux over a varied range of crop canopies. The suitability
and accuracy of this method on horizontal surface has been reviewed by a number of
scientists (Angust and Watts, 1984; Tanner, 1988). Also a recent study by Nie and
Kanemasu (1992) indicated that the BREB method could give good estimates of the
energy fluxes on sloping surfaces. Several researchers have used the BREB method as a
standard method to evaluate a wide range of evapotranspiration models (Brutsaert and
Sugita, 1992; Nichols, 1992; Oliver and Sense, 1992; Ortega 1991; Piere and Funchs
1990; Pruitt et al., 1987; Sugita and Brutsaert, 1991). A reason for the widespread
popularity of the BREB method is that it does not require complex formulations,
information of aerodynamic roughness of the surface, atmospheric stability corrections,20
canopy resistance, and wind speed. However, the application of this method has been
limited to research purposes only, because it involves relatively complex instrumentation
and requires continuous checks of sensors that measure air temperature and vapor
pressure gradients (Rosenberg, 1983; Ortega, 1991). Another problem is when p is close
to -1, the predicted LE becomes erroneously high and indeed equal to infinity when r3
equals -1. Fortunately, this situation usually occurs only when LE is low and R.- G
approaches to zero, around sunrise and sunset. In practice when 13 is close to -1 (e.g.,
1.25 <(3 < -0.75) LE and H are negligible and are not calculated (Campbell, INC., 1988;
Tanner, 1988). However Angus and Watts (1984) indicated that the potential errors in
the calculation of LE increases exponentially as 13 drops below -0.2. Comparisons
between the lysimeter and BREB method by Pruitt et al. (1987) indicated that appreciable
departures from lysimeter measurements commenced by the time 13 dropped to -0.55.
Values of p below -0.55 usually occur during the nighttime and under strong advection
conditions. Under these conditions the equality of Khand Kw could be in question (Pruitt
et al., 1973; Sugita and Brutsaert, 1991; Verma et al., 1978).
6. Estimation of Latent Heat Flux Using Combinations Methods
The combination models to compute evapotranspiration from the plant community
combine energy and aerodynamic principles. The residual energy balance and Penman
approach are the most common combination models. In the residual energy balance21
method the LE is calculated as a residual from the surface energy equation with H
estimated by an aerodynamic formulation. In the past 45 years, this method has not been
very popular because it requires accurate measurement of surface temperature. On the
other hand, the Penman method has been the most popular and widely used combination
model to compute evapotranspiration over crop canopies (Rosenberg et al., 1983; Weiss,
1982). A reason for the widespread popularity of the Penman approach is that it
eliminates surface temperature and requires measurements of air temperature, air vapor
pressure and wind speed at one level only (Brusaert 1982; Monteith and Unsworth, 1990)
6.1. The Residual Energy Balance Combination Method
The residual energy balance (REB) method incorporates both energy budget and
the classical aerodynamic technique to compute sensible heat flux.It eliminates the need
for air vapor pressure and canopy resistance. This method requires measurements of Rn,
G, Ts and measurements at one level of Ta and wind speed. If surface temperature is
available the REB method could be used to compute evapotranspiration under a wide
range of atmospheric and soil moisture conditions (Camilo et al., 1983; Hatfield, 1985;
Hatfield and Wanjura, 1985). Garrat (1984) indicated that this method is most reliable for
surfaces of low roughness or in conditions of high evaporation. In this method, the
evapotranspiration or latent heat flux is solved as a residual from the surface energy
balance (equation 2) as follow22
LE =G H [27]
In this equation 11,, and G are measured and H is estimated by equation [13]. As
noted above, the estimation of H requires accurate estimation of the aerodynamic
resistance and measurement of surface temperature. The estimation of aerodynamic
resistance requires quantification of the aerodynamic properties of the surface,
atmospheric stability correction and wind speed measurements at one level (See section
2.1.4). In the past, the application of this method has been tremendously limited by the
availability of surface temperature data. Today, advances in instrumentation technology
allow for more accurate, reliable measurement of surface temperature (Hatfield, 1985;
Hatfield and Wanjura, 1985). Thermal infrared transducers and airborne radiometer have
made possible application of the REB method at local and regional scales, respectively
(Piere and Fuch, 1990; Hatfield, 1987; Ray et al., 1987)
6.2 The Penman and Penman-Monteith Combination Methods
Penman (1948) proposed the first form of the combination equation to estimate
evaporation from open water surfaces. Several versions of the Penman combination
model with an empirically wind function in the aerodynamic term, have been developed to
compute reference evapotranspiration over a well irrigated grass with a height between 8-
15 cm and free of diseases and weeds (Jensen et al, 1990; Cuenca, 1988). However, these23
models require localized calibration of the aerodynamic function and they have serious
accuracy problems in estimating reference ET when daily weather data are used (Hatfield
and Fuchs 1991; Pruit and Doorembos, 1977). Other researchers have indicated that the
accuracy of Penman versions could be improved when hourly weather data and
atmospheric stability are included in the formulation (Pruitt et al., 1987; Ortega 1991;
Katul and Parlange, 1992; Mahrt and Ek, 1984; Brutsaert 1982). In spite of these
improvements, the application of the Penman approach over a wetted crop canopy could
overestimate the reference ET because the Penman model assumes that the plant surface is
acting as a free-water surface. This assumption is valid for open water surfaces and a
wetted soil, but is invalid over a crop canopy because plants present internal resistance
which could reduce the water flow from the soil to the atmosphere under soil water
content less than field capacity (Fitter and Hay, 1991; Jarvis, 1976; Oke, 1987; Stewart,
1984). In the soil water flow depends on the resistance offered by the soil to the water
uptake by the root system (soil resistance,(ii). The plant uptake is limited by the water
uptake capacity of the root system (root resistance,) and the ease of the internal sap
movement by the vascular system of the xylem (xylem resistance,3,1,,,). Diffusion within
the leaf includes the resistance of the mesophyll (r__mesophyl),the stomate (rs) and the
cuticule (rLuticui). The sumation of K.00t, r,,,,ein, and rm__esophyllis defined as the internal
resistance of the plant. The internal resistance controls the stomatal opening by altering
the leaf water potential.Several researchers have suggested that a freely transpiring plant
presents a minimum canopy resistance (Jarvis, 1976; Montheith, 1965; Rosenberg et al.,
1983; Shuttleworth, 1991). The minimum canopy resistance for growing crop and forest
range from 40 to 60 s- nc1 and 80 to 130 s- ni-1, respectively. Jensen et al. (1990)24
indicated that the minimum canopy resistance for a well irrigated grass (Fescue) with LAI
of 2 ranges between 60 and 70 s m-1.
Monteith (1965) was the first to combine the physical and physiological principle
of evapotranspiration from a canopy surface. He introduced an effective surface
resistance to vapor transfer to represent the overall effect of the leaf stomatal resistance in
the canopy complex. Assuming that the stomatal resistance of the individual leaves can be
considered as acting in parallel and the canopy can be considered as a single layer of
leaves, Monteith added a surface or canopy resistance to the original Penman equation.
Several researcher have mentioned that the Penman-Monteith method is the best of the
combination methods for predicting LE (Allen, 1986; Jensen et al., 1990; Katul et al.,
1992). According to Mc Naughton and Jarvis (1984) this equation gives a one-
dimensional description of the interrelationship between the main weather and vegetation
variables at an appropriate level of complexity. However most of this research has been
done using daily weather data and assuming neutral atmospheric conditions in the
aerodynamic resistance formulation. Wedd (1984) indicated that the application of the
Penman-Monteith combination equation requires an appropriate atmospheric stability term
and hourly weather data. Combining the molecular agitation, turbulent diffusion, and the
analogy of Ohm's law for electrical current, the turbulent latent heat flux density between a
saturated canopy and the atmosphere can be estimated as follows :
LE=CP pa (esea)
Y(rav +rc)
where
[28]25
es= saturation vapor pressure at the canopy or surface temperature, mb
ea= air vapor pressure, mb
ray= aerodynamic resistance for water vapor, s m-1
rc= canopy or surface resistance, s m1
The water vapor difference between the wet surface and the air vapor pressure can
be approximated as follow
esea = A (TsTa ) + VPD [29]
where
A= slope of the saturation vapor pressure, mb° C-1
Ts= surface or canopy temperature, °C
T.= air temperature, °C
VPD = vapor pressure deficit, mb
The air vapor pressure deficit can be written as
VPD = e:ea = e: (1 RH) [30]
where
.
es= air saturation vapor pressure at the air temperature, mb
RH = air relative humidity, fraction26
The surface temperature is eliminated by combining the classical aerodynamic
equation for heat exchange (equation [13]) and the surface energy balance (equation [2])
as follows :
ee
A (RG LE) rah
+ VPD Sa =
Cpa
Substituting equation [31] into equation [28] and solving for LE yields
LE=
A (RnG)+ Cp pa - VPD- 1
A + y (1+ I°--)
C
[31]
[32]
Equation [32] assumes that rah and rav are equal. This means that the turbulent
exchange coefficient for heat and water vapor are similar, and that the roughness length
for heat (zoh) and water vapor (z.v) are also similar. Brutsaert (1982) indicated that zoh is
slightly different from z agricultural canopies. Rearranging equation [32], the
Penman-Monteith combination equation can be written as
LE=A(RnG)+7Ea
(A + y*)
where
Ea= aerodynamic vapor transport term, W InT2
*
y = a modified psychrometric constant, mb° C-1
[33]The aerodynamic vapor transport term represents the combined effect of wind
speed, air temperature and vapor pressure deficit over the water losses from the crop
canopy. According to Brutsaert (1982), aerodynamic vapor transport term can be
estimated as :
E =
L
v
- e - p
aVPD
ra P
27
[34]
where
Lv= latent heat of vaporization, J Kg'
E = ratio of the molecular weight of water to the molecular weight of dry air, fraction
P = atmospheric pressure, mb
The y*, which represents plant control over the evapotranspiration, can be
estimated as follow
y = A +y(1+.5-) [35]
ra
Theoretically, the surface resistance is zero when all the surfaces of the soil are wet
during or shortly after rainfall or irrigation. In this conditions equation [33] becomes the
original Penman equation (Penman, 1948). In the original Penman model, the
aerodynamic vapor transport term is defined as:28
Ea = f(a) VPD [36]
where f(u) is an empirical wind function. As mentioned earlier, the original Penman
equation with f(U) has been widely used but there is still no generally accepted way to
formulate f(ii) (Brutsaert, 1982). Katul (1992) and Mahn and Ek (1982) have proved
that using an atmospheric stability adjustment instead of an empirical wind function in
equation [36], improves the accuracy of the Penman equation considerably. However,
application of the Penman equation, corrected for atmospheric stability, to compute
reference ET over a plant canopy still could have accuracy problems when rc is assumed
to be zero. As mentioned earlier, plants present an internal resistance which reduces the
water flux under well irrigated soil conditions because the transpiration can not exceed the
plant's ability to supply water through the roots, stems, and leaves. Under very dry
atmospheric conditions, the plant could present significant stomatal closure even under
wetted soil conditions because the root system is not able to satisfy the atmospheric
demand for water vapor. In addition this problem could be severe in presence of high
water table or saturation conditions for long periods of time. Under these conditions there
is not enough oxygen and the root activity can be reduced considerably.
In summary the Penman-Monteith equation could be the best combination method
to compute actual or reference ET over a plant community using an adequate
parameterization of aerodynamic and canopy resistance combined with hourly weather
data. The Penman-Monteith combination equation could be used to compute actual ET
under soil water content values less than field capacity, but requires adequate
parameterization of canopy resistance. This task is very difficult to accomplish because29
canopy resistance, as explained early, depends on nonlinear interaction of many biological
and environment factors (Monteith, 1985). Under soil water content values less than field
capacity or high soil water stress conditions a more complex parameterization of rc is
required. Several empirical model to estimate rc have been developed to explain the
nonlinear influences of light, atmospheric humidity deficit, soil water content and
CO2 concentration on the behavior of rc (Dickinson, 1984; Jarvis,1976; Rowntree; 1991;
Stewart, 1989). However, the exact mechanism of the response of I., to environmental
factors is yet poorly understood and quantified (Stewart, 1984; Fitter and Hay, 1991).
7.Parameterization of Canopy Resistance in the Crop Canopy
7.1. Estimation of Canopy Resistance Using the Porometry Technique and
Meteorological Data
Canopy resistance can be derived from porometric measurement of stomatal
resistance, by measuring evapotranspiration combined with meteorological data, and using
empirical models (Stewart, 1989). Using the porometry technique the canopy resistance
can be estimated by
r =ct
LAI
[37]30
K,= total stomatal resistance, s in.-1
LAI = leaf are index,m2 m-2
Equation [37] assumes that the stomatal resistances of the individual leaves are acting
in parallel. If LE, Ts, Ta, eaand u are available, the canopy resistance can be estimated
from equation [28] as follows :
Cp pa (es ea)ea) r = r
7 LE a
[38]
If the surface temperature is not available, the canopy resistance could be computed
rearranging the equation [33] as follows:
A(RG)+ yEA
C =[ 1]
7 yLE
[39]
When the canopy is only source of evapotranspiration (none from bare soil) the
canopy resistance is the same as the surface resistance. For a row crop, equations [38]
and [39] are recommended because they integrate better the resistance of the soil and
plants.31
7.2. Estimation of Canopy Resistance Using the Jarvis Formulation
Jarvis (1976) introduced an empirical model of canopy resistance which has been
used in mesoscale models (Bruno and Noilhan, 1990; Ek and Cuenca, 1993; Noilhan and
Planton, 1989). Jarvis's model is based on the product of functions of solar radiation, soil
moisture, air temperature, and air humidity deficit.These function range between 0 and
1. The mathematical expression that includes the effects of the soil, plant, and atmosphere
on canopy resistance can be described as :
rcinin
=
Fi F2 F3 F4
where
cmin= minimum canopy resistance, s in-1
= solar radiation function, fraction
F2= soil moisture content function, fraction
F3 = humidity deficit function, fraction
F4 = air temperature function, fraction
[40]
a) Effect of Solar radiation on the Canopy Resistance
As the solar radiation increases, stomatal resistance decreases because of an
increase of photosynthetic activity. Photosynthesis requires both light and CO2 to
produce carbohydrate. It is stimulated by radiation in the wave lengths referred to as
Photosynthetically Active Radiation (PAR), and which represents 45 % of the total energy32
in the extraterrestrial solar spectrum (Fitter and Hay, 1991; Monteith and Unsworth, 1990;
Oke, 1987; Sharky and Ogawa, 1987). As PAR increases the CO2 concentration in the
leaf decreases and this produces a reduction of the stomatal resistance. The physiological
effect of solar radiation on stomatal resistance changes considerably among species and
variety. The Fl function can be represented as follows :
F1
(1+ B, Rs)
."r
("'lin ± 131 Rs)
rc max
where
rcm. = leaf cuticle resistance, s m-1
B1= constant, m2 W-1
Rs= short-wave solar radiation, W m2
[41]
The rcmax represents maximum canopy resistance and is produced when all the
stomates in the canopy system are close. The cmax could range between 2000 and 5000
-1 s m depending of the plant type. B1 represents the effective incoming active radiation
(PAR) on the foliage and can be computed as (Dickinson, 1984):
0.55 B, =
Ro LAI
where Rgi is equal to 30 W m2 for trees and 100 W m2 for crops.
[42]33
The stomata of most agricultural crops and forestsopen in the light and close in
the dark as a direct response to solar radiation. However, thereare a number of important
exceptions such as those plants which employ the CAM (CrassulaceanAcid Metabolism)
pathway of photosynthesis, pineapple, and potato, whosestomata open or remain open at
night (Fitter and Hay, 1991; Nobel, 1983; Ting, 1987). Thereforethe application of the F;
formulation in these kinds of plants is not valid.
b) Effect of Soil Moisture Content on the Canopy Resistance
As the soil moisture content decreasescanopy resistance increases because the
water uptake by the root system is not able to satisfy the atmospheric demand. The
magnitude of this response is not clearly understood. To understandthe effect of soil
water deficit on stomatal resistance, according to Monteith (1965) it is alsonecessary to
know much more about the interaction between theroot growth and water movement
under non-saturated soil conditions. Accordingto Jarvis's formulation the effect of the
soil moisture content on the canopy resistancecan be estimated as follow
/Cc
F2 =
eFe
where
0= volumetric soil moisture content, fraction
0 = volumetric soil moisture content at wilting point,fraction
OF = volumetric soil moisture content at field capacity, fraction
[43]34
c) Effect of Air Humidity on the Canopy Resistance
As the air vapor pressure deficit increases the stomata! resistance increases due to
an increase of atmospheric demand for water vapor. The canopy resistance behavior as a
function of VPD can be written as
F3 = 1134 VPD [44]
The constant B4 is a species-dependent empirical parameter determined by
Noilhan and Planton (1989) to be 0.025 m13-1 for a pine forest.
d) Effect of Temperature on the Canopy Resistance
The response of plant growth rate to a wide range of temperatures can commonly
be represented by an asymmetric bell-shaped curve. From such a curve, it is possible to
read off the three classic cardinal temperatures, i.e. the minimum and maximum
temperature at which growth ceases entirely, and the optimum range of temperature over
which the highest growth rate can be maintained, assuming that temperature is the factor
limiting growth. The effect of the temperature on the canopy resistance can be estimated
from:
= T )(ThT.)2 [45]
132 = (( T. )( Th )B3)-1 [46]
B3 = (Th )( ) [47]
where
Ts = leaf or surface temperature, °K35
T1 = lower temperature limit, °K
Th = higher temperature limit, °K
T. = optimal temperature, °K
The T1, Th, and T. are all species dependent. For grass values of al, Th, and T. are -5
°C, 45 °C, and 25 °C, respectively (Fitter and Hay, 1991).
7.3. A Canopy Resistance Term for a Grass Canopy at the Oregon
Evapotranspiration Investigation Plot
The application of the Jarvis formulation has been limited to high roughness
surfaces such as forest canopy (Dickinson, 1984; Jarvis, 1976; Rowntree; 1991; Stewart,
1989). Empirical parameters required in the Jarvis formulation are not available for
surfaces of low roughness such as grass canopy. To reduce this uncertainty in the
parameterization of the canopy resistance a new formulation using dimensional analysis
was developed over a grass canopy at the Oregon Evapotranspiration Investigation Plot.
The combined effect of the total energy available (Rn-G), vaporpressure deficit, and soil
moisture status on canopy resistance can be expressed as follows:
r =
pa Cp VPD (oFew )
7 (Rn G) (0Ow)
[48]36
where all the parameters has been defined previously. Equation [48] assumes that the
canopy is uniform and the total energy available (R G) is dissipated only in latent and
sensible heat flux. Furthermore, it is assumed that all the stomata of all leaves are acting in
parallel, so that the canopy behaves rather than a single big leaf.
As the available energy increases plant activity (photosynthesis, respiration,
transpiration, enzymatic activity, etc. ) increases and canopy resistance decreases. The
increased photosynthesis decreases the CO, concentration inside the leaf tissue which
causes stomatal opening if the plant is growing in optimum conditions and soil water
supply is sufficient. However, if the water uptake capacity of the root system is not able
to satisfy the atmospheric demand for water vapor, the VPD and canopy resistance
increase. The VPD increases either for a reduction of transpiration or when the
atmospheric conditions are very dry (very high air temperature and very low relative
humidity). When the soil water supply is limited the canopy resistance equation is
adjusted by the ratio between (OF-Ow) and (0-0w).Values of OF and Ow depend on the
soil properties. However, Ovalue also depend on plant genotype, mainly the
morphology and structure of the root system.37
CHAPTER 3. DAYTIME VARIATION OF SENSIBLE HEAT FLUX BY THE
CLASSICAL AERODYNAMIC METHOD FOR A GRASS CANOPY
I. ABSTRACT
A study was performed to evaluate the classical aerodynamic method for
estimating daytime variation of sensible heat flux (HA) for a grass canopy under different
atmospheric and soil moisture conditions. The aerodynamic resistance used in the
aerodynamic technique was corrected for atmospheric stability using the OSUlDPBL
stability function. This stability function comes from the Oregon State University One
Dimensional Planetary Boundary Layer (OSUlDPBL) model. The performance of the
aerodynamic method was tested with indirect measurements of sensible heat flux (HB)
derived from the Bowen ratio energy balance method on 20 minute time intervals. Results
indicate that HA compared very well with HB under varied atmospheric conditions and
soil moisture status with an overall coefficient of determination of 0.94 anda slope of the
regression line through the origin of 0.95.38
2. INTRODUCTION
The elimination of surface temperature and sensible heat flux in the derivation of
the Penman equation to predict latent heat flux requires accurate estimation of canopy
resistance under soil water content values equal to or less than field capacity ( Monteith
and Unsworth 1990). However, prediction of the canopy resistance response is very
difficult because the canopy resistance behavior is highly dependent on the interaction (in
many cases not linear interactions) of soil, plant genotype, and atmospheric factors ( Fitter
and Hay, 1991; Monteith, 1985; Stewart 1984). To avoid the physiological aspect of the
canopy resistance, the residual energy balance (REB) method could be used to compute
the latent heat flux under varied atmospheric and soil conditions. In this method, the
latent heat flux or evapotranspiration is calculated as a residual from the surface energy
balance as follows :
LE =-G H [3.1]
where LE is the latent heat flux (W 11 is the net radiation (W ni'); G is the soil
heat flux (W m-2); H is the sensible heat flux (W m-2). In this method the physiological
aspect of the canopy resistance are accounted through the heat exchange or temperature
gradient between the canopy surface and air. When the canopy resistance increases for
any reasons (soil water stress, high atmospheric demand for water vapor, inadequate field
management, diseases, etc.) the sensible heat flux increases. The parameterization of
sensible heat flux from the crop canopy requires measurement of surface temperature, air
temperature, wind speed, and atmospheric stability corrections (Monteith and Unsworth,39
1990; Oke 1987; Piere and Fuch, 1990). However, the estimation of sensible heat flux has
been tremendously limited by the availability of the surface temperature measurements.
Today advances in instrumentation technology allow for more accurate, reliable
measurement of surface temperature (Hatfield, 1985; Hatfield and Wajura, 1985 ) and
that, in turn makes the residual energy balance method a practical alternative to the
Penman methods. However, the REB method requires determining sensible heat flux
based on measurements of wind speed, surface temperature and air temperature. The
model for estimating sensible heat flux is a critical part of the REB method. The present
study, therefore, was to evaluate the performance of the classical aerodynamic method to
predict sensible heat flux under a variety of atmospheric and soil moisture conditions. The
aerodynamic resistance used in the classical aerodynamic method was corrected for
atmospheric stability using the OSU 1DPBL atmospheric stability function. The sensible
heat flux estimated by the Bowen ratio energy balance (BREB) method with a 20 minute
time step was used as standard by which to judge the estimates produced by the
aerodynamic method.
Bowen Ratio Energy Balance Method
The BREB method an indirect method to estimate the sensible heat flux from the
canopy surface can be written as follows:
R
H At
ijLE7Ae
[3.2]40
where 0 is the Bowen ratio; y is the psychrometric constant (mb° C-'), At is the air
temperature difference between two levels (°C); Ae is the air vapor pressure difference
between two levels (mb). Combining the surface energy balance (equation [3.1]) and the
Bowen ratio approach the sensible heat flux can be estimated as follows :
H .
13(RnG)
(1+ fi)
The Classical Aerodynamic Method
[3.3]
The classical aerodynamic method to compute sensible heat flux from the grass
canopy can be described as follows :
pC(TT)
ra
[3.4]
where pa is the air density ( kg. 1111; Cp is the specific heat of the air at constant pressure,
1013 J. kg'.°K-1; T. is the surface temperature (°K); T. is the air temperature (°K); r is
the aerodynamic resistance (s- nf'). The parameterization of the aerodynamic resistance,
which requires information of surface properties and atmospheric stability, can be
estimated by41
= leu
ln((zd)/ zo.)14(zd)/ zi)
[3.5]
where z is the wind and air temperature measurement height (m); d is the zero plane
displacement (m); zom is the surface roughness length for momentum transport (m); zhis
the surface roughness length for heat (m); k is the von Karman constant of proportionality,
0.41; u horizontal wind speed (m s'); F is the OSUlDPBL atmospheric stability
function. The aerodynamic properties of the canopy surface could be estimated as follows
(Brutsaert, 1985; Jensen et al., 1990):
d =
3
h0 [3.6]
zom = 0.1k [3.7]
Zh=Zom [3.8]
where 110 is the grass height (m).
The parameterization of F comes from the Oregon State University One
Dimensional Planetary Boundary Layer model (OSUlDPBL) (Ek and Mahrt, 1991; Mahrt
and Ek, 1984). The OSUlDPBL atmospheric stability function depends on the surface
characteristic and the bulk Ricardson number for the surface layer (RIB). F can be
expressed for stable and unstable atmospheric conditions by equation [3.9] and [3.10],
respectively.
F = [3.9]F = 1
15Rjh
le(R,B(zd) / Zorn)" 1+ 75
ln(( zd) / zoh) ln((zd) / zh)
[3.10]
The which is the ratio of the production of energy by buoyancy forces to
dissipation of energy by mechanical turbulence, can be expressed as:
g(TT )z R. =
vgifT
where
g= acceleration of gravity, 9.81 m s'
Tvg= averaged temperature in the profile, °K
[3.11]
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3. MATERIALS AND METHODS
Data to evaluate the parameterization of sensible heat was collected at the Oregon
Evapotranspiration Investigation Plot (ETIP) (44°314' N, 123'188 W) located 15 km
north of Corvallis, Oregon. The ETIP site has an area of 2.11 ha covered by a well
established stand of Alta fescue. The soil is classified as Amity silt loam and Woodburn
silt loam. For this soil, values of saturated soil, field capacity, and wilting point in the top
60 cm were 45.8 %, 39.4 % (0.1 bar), and 14.7 % (15 bars) in volumetric basis,
respectively. Data collected included air temperature (Ta), air vapor pressure (ea), wind
speed (u), net radiation (R), soil heat flux (G), incoming (IRS) and reflected (TA) solar
radiation,surface temperature (Ts) and volumetric soil moisture content (0 ). Air
temperature, vapor pressure,and wind speed were measured at 0.4 m and 1.4 m above
the grass surface. The air temperature was measured at two heights using fine-wire
thermocouples. The vapor pressure gradient was determined by measuring dew point
temperature. The dew point temperature was measured using a single cooled mirror
hygrometer (dew-10). The wind speed at the two heights was measured using
photochoper anemometer with a threshold of 0.2 m s-1. Net radiation was measured by a
Q6 Fritchen type net radiometer. The soil heat flux was measured by two plates of
constant thermal conductivity placed at 0.08 m depth and two thermocouples installed
above each plate at a depth of 0.02 m and 0.06 m. The incoming and reflected solar
radiation was measure with an albedometer (model 3023). The surface temperature was
measured with an Everest Interscience temperature transducer ( model 4000) with 15°
field of view and inclined some 45° from the horizontal. The volumetric moisture content
was measured by a Campbell Pacific Nuclear 503 Hydroprobe. The vapor pressure and44
air temperature were sampled at 1 s intervals and averaged over 20 minute periods. The
net radiation, soil heat flux, soil temperature and wind speed were measured at 10 s
intervals and averaged over 20 minute periods. The incoming solar radiation and surface
temperature were sampled at 10 s intervals and the data averaged over 10 minute
intervals. The volumetric soil moisture measurements were made on a weekly interval
during the growing season. The data analysis was divided into two parts: 1) Evaluation of
sensible heat flux by the aerodynamic technique for a grass canopy under a volumetric soil
moisture content ranging between field capacity and 27.5 % and varied atmospheric
conditions; 2) Evaluation of sensible heat flux by the aerodynamic technique for a grass
canopy under severe soil water stress and varied atmospheric conditions.
The analysis of daytime variation of sensible heat flux for a grass canopy under a
volumetric soil moisture between field capacity and 27.5 %, and different atmospheric
conditions was carried out from May 14 (Julian day 134) to May 23 (Julian day 143),
1992. Prior May 14, intense precipitation was observed and no water application was
done throughout the experiment. The average volumetric soil moisture content in the top
60 cm for the 10-day period gradually decreased from 39.4 % to 27.5 %. A uniform grass
cover with a grass height of 8 cm was maintained throughout the 10-day period.
The study of daytime variation of sensible heat flux for a grass canopy under
severe soil water stress and different atmospheric conditions was carried out from July 15
(Julian day 196) to July 25 (Julian day 206), 1992. For this analysis the volumetric soil
moisture content in the top 60 cm varied between 20.7 % and 19.5 % in the 10-day
period. Under these soil water conditions, the grass growth was reduced considerably,
and grass tips were yellow and dry. The plant density and leaf area was reduced due to
defoliation. The extreme soil water stress conditions were observed for clear days,45
especially on days 205 and 206. The grass cover was non uniform and the average grass
height was about 5 cm.
Maximum and minimum daily values of Ta, RH, u and '11 are listed in Table 3.1.
Maximum values of R.,G,and the ration between measured IR. and estimated clear
sky solar radiation (Red), and maximum and minimum values of the Bowen ratio are
presented in Table 3.2. Procedures to compute clear sky solar radiation are described by
Jensen et al. (1990). Days that received total incoming solar radiation greater than 95 %
of the estimated clear sky conditions were classified as clear days. For each clear day,
maximum T. and minimum RH were observed during the afternoon, between 1500 h and
1640 h. Maximum values of T., IR., R and G were found from 1200 h to 1300 h.
Maximum 13 values were observed in the morning (from 800 h to 900 h) and decreased
gradually during the late morning and afternoon as the atmospheric conditions became
drier. For days with Rcd less than 0.95, the daytime trend of Ta, RH, Ts, 1Rs, Rn,G and
13 were not clearly defined. For both clear days and days with Rcdless than 0.95,
minimum values of Ta, Ts and maximum values of RH were found in the early morning,
one or two hours after sunrise. The wind pattern was not clearly defined for either clear
days or days withRcdless than 0.95.46
Table 3.1. Daily air temperature, relative humidity, wind speed, and surface
temperature (from May 14 to May 23 and from July 15 to July 25, 1992).
Julian Day Ta
°C
RH
(70
u
m. s-1
Ts
°C
Max.Min.Max.Min.Max.Min.Max.Min.
134 24.0 4.9100.036.83.200.2330.3 3.1
135 21.9 3.2100.036.32.120.2529.3 1.5
136 25.4 3.6100.040.93.580.3330.1 1.0
137 26.0 7.4100.044.74.710.3930.6 6.4
138 22.9 5.0100.047.03.180.2629.6 3.8
139 19.4 7.4100.051.64.110.3732.2 3.2
140 17.0 2.9100.039.74.010.3728.0 0.7
141 18.9 1.1100.032.14.040.2827.0-0.7
142 24.3 2.7100.036.53.960.2731.1 0.9
143 27.5 5.8100.034.93.200.2132.3 3.7
196 29.4 12.1 89.027.34.350.5235.7 6.2
197 36.0 15.870.418.04.441.5640.5 7.3
198 34.0 16.777.028.23.980.4641.9 6.2
199 32.5 13.282.132.16.910.2741.6 3.0
200 30.3 9.2100.033.53.670.3338.7 2.5
201 24.6 12.095.752.53.900.2735.7 10.3
202 21.9 15.583.953.14.130.6029.7 12.5
203 19.7 11.0100.064.36.020.2827.5 7.9
205 24.8 11.493.537.64.881.0034.0 5.3
206 32.2 11.797.126.94.000.3040.2 5.147
Table 3.2 Net radiation, soil heat flux, Bowen ratio values, and the ratio
between the measured incoming solar radiation and estimated clear sky solar
radiation (RCd) (from May 14 to May 23 and from July 15 to July 25, 1992).
Julian Day Rii
W m2
G
wm-2 R Rai
Max. Max. Max.Min.
134 585 128 0.56-0.63 0.91
135 590 123 0.66-0.17 0.98
136 607 130 0.58-0.35 0.96
137 607 132 0.48-0.33 0.88
138 588 121 0.93-0.30 0.74
139 649 140 0.65-0.40 0.63
140 636 105 0.780.09 0.81
141 602 114 0.97-0.34 1.00
142 609 133 0.73-0.17 0.88
143 596 128 0.73-0.28 0.96
196 610 131 1.35-0.56 0.99
197 606 136 0.79-0.59 0.97
198 606 143 0.62-0.61 0.76
199 629 123 0.99-0.32 0.86
200 589 145 1.41-0.14 0.97
201 571 141 1.28-0.18 0.56
202 419 73 1.12-0.03 0.55
203 451 67 1.53-0.07 0.37
205 580 138 1.78-0.25 0.98
206 575 157 1.60-0.36 0.9648
4. RESULTS AND DISCUSSION
The sensible heat flux computed by the aerodynamic method (HA) with the
OSUlDPBL stability function was tested with sensible heat flux measurements from the
(BREB) method (HB) for a grass canopy under different soil moisture status and
atmospheric conditions on a 20 minute time interval. The Bowen ratio measurements
were compared with the sensible heat flux calculated by the aerodynamic method for each
individual day using a regression model through the origin (HB = b* HA). The coefficient
of determination (r2), slope of the regression line (b), results of the Z-test to check
whether the value of b was significantly different from unity at the 95 % confidence level,
and standard error of estimate (SEE) were all used to evaluate how well the aerodynamic
method estimates matched the Bowen ratio measurements.
Sensible Heat Flux for a Grass Canopy Under Decreasing Soil Moisture Content.
The daytime variation of HB and HA are plotted in Figures 3.1a through 3.5b for a
grass canopy under a volumetric soil moisture content between 39.4 % and 27.5 %, and
different atmospheric conditions. Figures 3.1a though Figure 3.5b and Table 3.3 indicate
that HA and HB agreed very well during the daytime under different atmospheric and soil
moisture conditions. For clear days and days with Rai less than 0.95, the mean value of b
was significantly less than 1.0 at the 95 % confidence level indicating that HA tended to be
larger than HB during the daylight hours. Differences between HB and HA on a 20
minute basis and mean values of SEE were not considerable affected by cloudiness (from49
Figures 3.3b to 3.5b). Mean values of SEE for clear days and days with Rcd less than
0.95 were 17 W- na-2 and 19 W na-2,respectively. Agreements between HA and HB
were not substantially affected by the water depletion that occurred from day 134 to day
143. In fact, the performance of the aerodynamic technique to compute sensible heat flux
under the highest (day 135) and lowest (day 143) soil moisture content for the 10-day
period was similar (Figures 3.1a and 3.3a). Under both soil water conditions, values of
r2, b, and SEE were very close (Table 3.3).
For clear sky conditions, values of HA and HB increased during the morning and
decreased during the afternoon (from Figures 3.1a to 3.3a). Maximum values of HA and
HB were observed from 900 h to 1100 h and they were very close, except on day 141.
The major departure between HA and HB was observed during the morning. However,
differences observed for the clear sky conditions were less than 47 W M-2.HA generally
agreed with HB during the afternoon when the maximum Ta and air vaporpressure deficit
occurred. The greatest disagreement was observed on day 141. On this day, HA was
greater than HB from 700h to 1400 h (Figure 3.2b). Furthermore, the lowest b value and
highest SEE value for the clear days were observed on day 141 (See Table 3.3). On days
134, 135, 136, and 143 values of SEE ranged between 15 W In-2 and 17 W M-2 and
differences between HA and HB were less than 47 W m2. Greatest disagreementswere
associated with moist and cool atmospheric conditions during the morning. In fact the
lowest air temperature for the clear sky conditions were observed on day 141 (see Table
3.1).
The sensible heat flux over the grass canopy was considerably affected by cloudiness,
but the daytime behaviors of HA and HB were similar on a 20 minute time steps (from
Figures 3.3b to 3.5b). Values of b were significantly less than one on days 139 and 140,50
only. For these days, values of r2 and b were close, but the value of SEE for day 140 was
two times greater than the one for day 139. As in the case of clear days, the greatest
disagreements during the mornings were associated with moist and cool atmospheric
conditions. The coolest atmospheric conditions and the highest value of SEE for days
with Itcd less than 0.95 were observed on day 140 (Table 3.1 and 3.3). On that day, the
maximum difference between HB and HA was 58 W In-2, and the SEE value was 32
W m-2 (Figure 3.5a).
The regression line through the origin for the 10-days combined is plotted in
Figure 3.6. The sensible heat flux comparisons in Figure 3.6 and Table 3.3 indicate that
the overall agreement between the HA and HB was close under different atmospheric
conditions and soil moisture status. Referring to Figure 3.6, the major departure of the
regression line from the 1:1 line was observed for sensible heat values above 250 W
These results indicate that the aerodynamic technique, corrected for atmospheric stability
using the OSUlDPBL atmospheric stability function, was able to predict daytime variation
of sensible heat flux over a grass canopy under different atmospheric conditions. In
addition, the performance of the aerodynamic technique was not substantial affected as the
volumetric soil moisture content in the top 60 cm decreased from field capacity (39.4 %)
(day 134, Figure 3.1a) to 27.5 % (day 143, Figure 3.3a). Differences between HA and
HB were greatest in the morning, but they did not appreciably affect the overall
performance of the aerodynamic method in predicting sensible heat flux ( r2= 0.93; b=
0.93; SEE = 18 W m-2).51
Table 3.3. Statistical results of sensible heat flux analysis on a 20 minute basis for a
grass canopy under a volumetric soil moisture content ranging between field capacity
(39.4 % ) and 27.5 % and different atmospheric conditions.
Clear Days r2 b Z-test SEE
W m-2
134 0.93 1.04 1.2 (T) 16.1
135 0.93 1.05 2.1 (T) 16.6
136 0.96 0.90 -4.9 (F) 14.8
141 0.99 0.86 -13.3 (F) 22.4
143 0.93 1.04 1.4 (T) 14.7
Mean 0.94 0.95 -4.7 (F) 17.0
Days with Rai
less than 0.95
137 0.91 1.05 1.3 (T) 13.8
138 0.92 0.97 -1.0 (T) 13.2
139 0.97 0.87 -7.1 (F) 15.6
140 0.92 0.80 -9.3 (F) 32.0
142 0.95 1.00 -0.2 (T) 13.0
Mean 0.92 0.90 -8.4 (F) 18.8
Overall mean 0.93 0.93 -8.9 (F) 17.9
T= true hypothesis (b=1); F = false hypothesis (b#1)52
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Figure 3.1. Daytime variation of sensible heat flux by the aerodynamic (HA) and Bowen
ratio energy balance (HB) methods for Julian days 134 and 135.53
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ratio energy balance (HB) methods for Julian days 136 and 141.54
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Figure 3.6. Overall comparison between sensible heat flux estimated by the aerodynamic
technique with the OSO1DPBL atmospheric stability function (HA) and Bowen ratio
energy balance method (HB) for a grass canopy (n = 380 points).58
Sensible Heat Flux for a Grass Canopy Under Severe Soil Moisture Stress.
The daytime variation of HA and HB for a grass canopy under severe soil water
stress and different atmospheric conditions is presented in Figures 3.7a through 3.11b. A
similar pattern between HA and HB was observed for clear days and days with Red less
than 0.95 during daylight hours. For clear days several features can be observed (from
Figures 3.7a to 3.9a): 1) maximum values of HA were found between 1100 and 1300 h
and they coincided with maximum values of Ts, Rn and G; 2) maximum values of HA
were very close to these of HB, except on days 205 and 206; 3) principal disagreements
between HA and HB were observed in the morning (from 800 to 1300h), and HA tended
to be higher than HB; 4) for each clear day, very close agreement between HA and HB
were observed during the afternoon (from 1200 h to 1800 h) coinciding with the driest
atmospheric conditions for the daytime. For days with Red less than 0.95,the trend of
sensible heat flux was considerably affected by the variation of incoming solar radiation
(From Figures 3.9b to 3.11b). However, the daytime patterns of HA and HB were very
close. These results indicate that the aerodynamic method, which is independent of
measurements of R , G, and air vapor pressure, was able to predict the diurnal variation
of sensible heat over a grass under cloudy sky conditions and severe soil water stress.
Results shown in Table 3.4 indicate that mean values of r2 and b, results of the Z-
test, and SEE were similar for both clear days and days with Red less than 0.95. Under
both conditions, mean values of b were significantly different from unity at the 95%
confidence level indicating that HA tended to be larger than HB during the daytime
period. For clear sky conditions, the main disagreements between HA and HB were
observed on Julian days 205 and 206 (Figures 3.8b and 3.9b) when b values were59
significantly less than one indicating that HA tended to overestimate the sensible heat flux.
Major disagreement, observed during the morning, coincided with high 13 values (Table
3.2). During the afternoon, when HA and HB were very close, 13 values rapidly decreased
as the atmospheric demand for water vapor increased. Maximum sensible heat values for
the clear sky conditions were found on day 205 and 206 when the grass had the highest
soil water stress. The lowest volumetric soil moisture content in the top 60 cm ( about
19.5 %) was observed on those days. Maximum values of HB for day 205 and 206 were
278 W nI-2 and 221 W In-2,respectively. Furthermore, maximum values of HA agreed
well with HB on those days. For day 205, which was cooler than day 206, the maximum
difference between HA and HB was about 63 W m2 and the value of SEE was 21
W In-2.On day 206, the agreement was better than day 205 with a maximum difference
of 43 W In-2 and SEE value of 19 W nI-2.On days 196, 197 and 200, values of b were
not significantly different from unity and small differences between HA and HB were
observed throughout the daytime (see Figures 3.7a, 3.7b, and 3.8a). Remarkable
agreement between HA and HB was observed on day 197 considering that this day
presented the driest atmospheric conditions for the experiment (Figure 3.7b). Maximum
T(36.0 °C) and minimum RH (19.6 %) were observed between 1640 h and 1740 h.
During that time differences were less than 10 W m2, and 13 values ranged between 0.3
and -0.1. Additionally, maximum values of HB and HA, which coincided with maximum
values of Ts (40.5 °C) and Rn (600 W In-2 ), were very close.
For days with Red less than 0.95,results of the Z-test indicated that b values were
statistically different from unity for days 199, 201, and 202, only. The highest
disagreements were found on day 199. For this day significant departures between HA
and HB, which coincided with a gradual decrease of cloudiness, were observed from 102060
h to 1340 h (Figure 3.10a). During this period, differences between HA and HBwere less
than 39 W m2 and the maximum difference (56 W.m-2) was produced at 1340 h after
an rapid increase in cloudiness which reduced Rn about 100 W In-2 in a period of 20
minutes. However, on days 201, 202, and 203, the agreement between HA and HBwas
not considerable affected by a rapid change in cloudiness (Figure 3.10b, 3.11a, and 3.11b).
For example, on day 201, Rn rapidly increased by about 480 W.m2 from 1120 h to
1240 h and differences between HA and HB were less than 39 W In-2.Similar results
can be seen in Figures 3.11a and 3.11b.
The regression line through the origin for the 10-days combined is plotted in
Figure 3.12. The sensible heat comparisons in Figure 3.12 and Table 3.4 indicate that the
overall agreement between the HA and HB was close for thegrass under different
atmospheric conditions and severe soil water stress. However, the slope of the regression
line through the origin was significantly different from unity. Thismeans that sensible heat
flux computed by the classical aerodynamic method withan aerodynamic resistance
corrected for atmospheric stability caused an overprediction of about 2.9 %.
This study indicates that the aerodynamic technique with the OSUlDPBL
atmospheric stability function was able to predict daytime variation of sensible heat flux
over grass canopy under different atmospheric conditions and severe soil water stress.
Important differences between HA and HB were observed in the morning and theywere
associated with high values of the Bowen ratio (see Table 3.2 and 3.3). Although HAwas
greater than HB during the morning, overall performance of the aerodynamic method to
predict sensible heat flux was very close ( r2= 0.96; b= 0.97; SEE= 17 W m-2),
suggesting that the aerodynamic technique in combination with the surfaceenergy balance
could be used to predict latent heat flux over a grass canopy under different atmospheric61
conditions and severe soil water stress. However, more research should be done in
surfaces with higher roughness lengths, such as forests and heterogeneous vegetation,
because of uncertainty of the aerodynamic properties of the surface in the
parameterization of the aerodynamic resistance.
Table 3.4 Statistical results of sensible heat flux analysis on a 20 minute basis for
a grass canopy under severe soil water stress, and different atmospheric conditions.
Clear Days r2 b Z-test SEE
w m-2
196 0.98 1.01 -0.5 (T) 11.9
197 0.96 1.04 -1.7 (T) 16.6
200 0.94 1.00 0.2 (T) 16.4
205 0.97 0.93 5.1 (F) 21.4
206 0.96 0.94 3.7 (F) 19.0
Mean 0.96 0.97 4.0 (F) 17.1
Days with Rcd
less than 0.95
137 0.97 1.04 -1.7 (T) 12.5
138 0.96 0.92 4.7 (F) 20.9
139 0.97 0.95 2.9 (T) 15.5
140 0.92 1.07 -2.9 (T) 15.2
142 0.94 1.03 -1.2 (T) 14.9
Mean 0.96 0.97 2.6 (T) 15.8
Overall mean 0.96 0.97 4.8 (F) 16.5
T= true hypothesis (b=1); F = false hypothesis (b#1)62
5. CONCLUSIONS
The comparisons provide evidence of the robustness of the aerodynamic method
with the OSUlDPBL atmospheric stability function for predicting daytime variation of
sensible heat flux over during short periods of time under varied atmospheric and soil
moisture conditions. Significant departures between HA and HB were observed during
the morning, but a good agreement was found during the afternoon. Significant
disagreements observed during the morning were associated with the highest values of
relative humidity, wind speed and Bowen ratio for the daytime period. During the early
morning, potential error in the measurements of air vapor pressure could be produced due
to condensation in the dew-point hygrometer. Condensation was observed during the
early morning (from 500 h to 600 h), and disappeared when the RH dropped below 90%.
In spite of the potential error in the estimation of HB during the early morning, and
considering that HA is independent of measured air vapor pressure and net radiation, the
overall agreement between HA and HB was very close.
Results for this study suggest that the aerodynamic technique with the
OSUlDPBL atmospheric stability function to predict sensible heat flux could be used in
combination with the surface energy balance to predict latent heat flux under a varied soil
and atmospheric conditions. However, it is possible that accuracy problems couldoccur
in the estimation of sensible heat flux in forest and heterogeneous vegetation. In these
canopies, the main limitation of the aerodynamic technique, when the surface temperature
is available, is the need to accurately estimate the aerodynamic properties of the surface
(zero plane displacement, surface roughness length for momentum, and heat transport).63
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CHAPTER 4. DAYTIME VARIATION OF REFERENCE
EVAPOTRANSPIRATION BY THE RESIDUAL ENERGY BALANCE AND
PENMAN COMBINATION METHODS
1. ABSTRACT
The residual energy balance (REB) and Penman combination methods were
evaluated for estimation of daytime variation of latent heat flux for a well irrigated grass
canopy under different atmospheric conditions. The aerodynamic resistance used in the
REB and Penman methods was corrected for atmospheric stability using the OSUlDPBL
atmospheric stability function. The performances of the REB and Penman methods was
evaluated using latent heat fluxes from a Bowen ratio energy balance (BREB) methodon
a 20 minute time step. Excellent agreement between REB and BREB methods was
observed under different atmospheric conditions. The overall standard error of estimate
(SEE) was 19.5 W. In-2 and the absolute relative error (ARE) was 5.2 %. However the
performance of the Penman method to predict latent heat flux for a well irrigatedgrass
surface was considerably affected by the atmospheric demand for water vapor. The
overall SEE and ARE were 56.1 W rn-2 and 22.0 %, respectively. This result indicated
1) that the application of the Penman model, corrected for atmospheric stability for a well
irrigated grass canopy is questionable, especially under high atmospheric demand for
water vapor; and 2) that the REB method was superior for predicting latent heat flux
under a varied atmospheric conditions70
2. INTRODUCTION
Penman (1948) proposed the first form of the combination equationto estimate
evaporation from open water surfaces. Several versions of the Penman combination
model with an empirically wind function in the aerodynamic term, have been developedto
compute reference evapotranspiration over a well irrigated grass with a height between 8-
15 cm and free of diseases and weeds (Jensen et al, 1990; Cuenca, 1988). However, these
models require localized calibration of the aerodynamic function and they have serious
accuracy problems in estimating reference evapotranspiration (ET) when daily weather
data are used (Hatfield and Fuchs 1991; Pruit and Doorembos, 1977). Several researchers
have indicated that the accuracy of Penman versions could be improved when hourly
weather data and atmospheric stability are included in the formulation (Pruittet al., 1987;
Katul and Parlange, 1992; Mahrt and Ek, 1984; Brutsaert 1982). In spite of these
improvements, the application of the Penman approachover a wetted crop canopy could
overestimate the reference ET because the Penman modelassumes that the plant surface is
acting as a free-water surface. This assumption is valid foropen water surfaces and a
wetted soil, but is not valid over a crop canopy because plants present internal resistance
which could reduce the water flow from the soil to the atmosphere under soil moisture
content either equal to or less than field capacity (Fitter and Hay, 1991; Jarvis, 1976; Oke,
1987; Stewart, 1984). The internal plant resistance controls the stomatalopening by
altering the leaf water potential. Several researchers have suggested thata freely
transpiring plant presents a minimum canopy resistance (Jarvis, 1976; Montheith, 1965;
Rosenberg et al., 1983; Shuttleworth, 1991). Therefore, the practical application ofthe
Penman equation requires the knowledge of the behavior of thecanopy resistance to71
environmental factors. On the other hand, the application of the REB method, which is
highly dependent on surface temperature and sensible heat flux, could account the effect of
the canopy resistance over plant transpiration through the heat exchange between the
surface canopy and the air. The main objective of this study was to evaluate the
performance of the REB method and Penman combination equation for predicting latent
heat flux from a well irrigated grass canopy under different atmospheric conditions. The
aerodynamic resistance used in the REB and Penman methods was corrected for
atmospheric stability using the OSUlDPBL atmospheric stability function. This stability
function comes from the Oregon State University One Dimensional Planetary Boundary
Layer model (OSUlDPBL) (Ek and Mahrt, 1991). The latent heat flux estimated by the
Bowen ratio energy balance (BREB) system was used as standard of comparison.
Bowen Ratio Energy Balance Method
In the BREB method, the surface energy balance and the Bowen ratio (Bowen
1926) are the physical basis from determining latent heat flux froma crop canopy. The
surface energy balance is
Rn = LE +H + G [4.1]
where Rn is the net radiation (W. m-2); LE is the latent heat flux (W. ni-2); H is the
sensible heat flux (W ni2); G is the soil heat flux (W rn-2). The Bowen ratio (13) is theratio of sensible heat flux to latent heat flux (H/LE) and can be estimated from
measurement of the temperature and humidity gradients:
At
= YAe [4.2]
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where 'y is the psychrometric constant (mb°CI;At is the air vapor pressure gradient (°
C); Ae is the air vapor pressure gradient (mb). Combining the surfaceenergy balance and
the Bowen ratio approach, the latent heat flux can be estimated:
LE =(Rn G)
(1+13)
Residual Energy Balance Method
[4.3]
To compute latent heat flux, the REB method combines the surfaceenergy balance
equation and the classical aerodynamic method to compute sensible heat flux.In this
method, latent heat flux is determined as a residual from theenergy balance equation as
follows:
p C"
(TT )
r
LE = Rn G [4.4]73
where pa is the air density (kg. In-3); C, is the specific heat of the air at constantpressure,
1013 J kg'° K -1; T. is the surface temperature (°K); T. is the air temperature (°K);I-. is
the aerodynamic resistance (s- m-1). The parameterization of the aerodynamic resistance
has been explained in Chapter 3.
Penman Equation Corrected by Atmospheric Stability
The Penman equation to compute latent heat flux from a well irrigatedgrass is :
LE_A(Rn G) + yE.
A + y
where A is the slope of the saturation vapor pressure (mb° C-1);y is the psychrometric
constant (mb° C-'); E. is the aerodynamic vapor transport term (W m'). The
aerodynamic vapor transport term, which represents the effect of the atmospheric
conditions over the LE, can be described as follows (Brutsaert, 1982):
E =
L ep
a
VPD
KID
where Lv is the latent heat of vaporization (J kg'); e is the ratio of molecular weight of
water to molecular weight of dry air, 0.622; VPD is the air vapor pressure (mb); P is the
atmospheric pressure, mb; ra is the aerodynamic resistance (s nr1). The aerodynamic74
resistance, which is a function of the wind speed, aerodynamic properties of the surface
and atmospheric stability, has been explained in Chapter 2 (Section 4).75
3. MATERIALS AND METHODS
The Bowen ratio-energy balance data, meteorological data, surface temperature,
and soil moisture content to evaluate the parameterization of latent heat fluxwere
collected at the Oregon Evapotranspiration Investigation Plot (ETIP) ( 44° 37' 4" N, 123°
13' 8" W) located 15 km north of Corvallis, Oregon. The ETIP site hasan area of 2.11 ha
covered by a well established stand of Alta fescue. The grass was maintained at height of
8 cm, well irrigated and free from weeds and diseases. The BREB data included air
temperature (Ta), air vapor pressure (ea), net radiation (Rn), and soil heat flux. The air
temperature and air vapor pressure were measured at 0.4 m and 1.4 m above the grass
canopy to maintain an adequate fetch conditions. Air temperature was measured using
fine-wire thermocouples at each level, and air vapor pressure gradientwas measured using
a single cooled mirror hygrometer (dew-10). Net radiation (Rn) was measured at 1 m
above the grass surface with a Q6 Fritchen type net radiometer. The soil heat flux (G)
was estimated using two soil heat plates placed at 0.08 m and two thermocouples placed
above each plates at a depth of 0.02 m and 0.06 m. Meteorological data included Ta and
air relative humidity (RH) measured at 2 m height, and mean wind speed (u) collectedat
3 m height. The Ta and RH were measured by a temperature and relative humidity probe
(model HMP35C) and wind speed was measured by an anemometer model 014A. Surface
temperature (11) was measured with an Everest Interscience temperature transducer
(model 400) with 15° field of view which was inclined 45° from the horizontal. The
incoming (.,RR) and reflected (iRs) solar radiation was measured with albedometer
(model 3023) located at 1 m above the ground surface. The volumetric soil moisture76
content (8) was measured by a Campbell Pacific Nuclear 503 Hydroprobe on a weekly
basis.
Sixteen days with optimum reference conditions following irrigationor
precipitation were selected.Four days from July, 1991 (identified as Julian days 183-91,
188-91, 189-91, and 190-81), 2 days from August 1991 (269-91 and 270-91), 5 days from
April 1992 (096-92, 097-92, 098-92, 100-92, and 101-92), 5 days from May 1992 (126-
92, 127-92, 134-92, 135-92 and 136-92) were used in this experiment.In July and
August 1991, the water application was done using a sprinkler irrigation system. The
irrigation was applied for 10 hr the evening prior to the experimental days. In April and
May 1992, the source of water was precipitation. Maximum and minimum daily values of
Ts, RH, u, and Ts are listed in Table 4.1. Maximum values of Rn G, and theratio
between measured IR, and estimated clear sky solar radiation (R,d)are presented in Table
4.2. Procedures to compute clear sky solar radiationare described by Jensen et al. (1990).
Days that received total incoming solar radiation greater than 95% of the estimated clear
sky solar radiation were classified as clear days. To avoid seriouserrors in the estimation
of BREB fluxes, values of the Bowen ratio less than -0.75were eliminated. Fortunately,
Bowen ration values less than -0.75 were observed during the nighttime and when Rn-G
approached to zero, at sunrise and sunset. For this analysis, daytime Bowen ratios ranged
between -0.5 and 0.5.77
Table 4.1. Daily air temperature, relative humidity, wind speed, and surface
temperature for a well irrigated grass under different atmospheric conditions.
Julian Day T
°C
RH
%
u
m s-1
T.
°C
Max. 1Min.Max.Min.Max.Min.Max.Min.
096-92 12.2 0.1100.052.04.130.3621.2-1.1
097-92 11.2 3.493.958.24.060.2115.3 1.2
098-92 11.9 3.7100.067.23.430.2117.7 1.4
100-92 15.710.298.183.52.810.3321.3 8.2
101-92 13.7 9.9100.076.44.120.3117.4 8.6
126-92 28.910.5100.047.72.230.2031.6 7.8
127-92 24.8 9.4100.048.53.280.3330.6 4.3
134-92 24.0 4.9100.036.83.200.2330.3 3.1
135-92 24.0 4.9100.036.32.120.2529.3 13.7
136-92 21.9 3.2100.040.93.580.3330.1 1.0
183-91 32.8 12.199.043.64.640.5236.5 9.1
188-91 28.9 9.6 90.733.04.930.5830.3 2.8
189-91 27.6 7.7100.044.24.480.4830.0 1.0
190-91 21.3 8.1100.063.44.840.4827.8 1.5
269-91 25.7 7.294.350.32.910.2328.6 3.1
270-91 20.9 9.098.066.83.180.2327.6 3.978
Table 4.2. Net radiation, soil heat flux, Bowen ratio values,
and the ratio between incoming solar radiation and estimated
clear sky solar radiation (Red ) for a well irrigated grass under
different atmospheric condition.
Julian Day R
W. m2
G
W M-2
Red
Max. Max.
096-92 617 102 0.93
097-92 257 55 0.49
098-92 377 70 0.41
100-92 452 59 0.51
101-92 258 97 0.28
126-92 559 134 0.88
127-92 567 125 0.94
134-92 585 128 0.91
135-92 590 123 0.98
136-92 607 130 0.96
183-91 623 176 1.00
188-91 628 161 1.00
189-91 620 160 1.00
190-91 626 148 1.00
269-91 396 98 1.00
270-91 405 83 0.7479
4. RESULTS AND DISCUSSION
The latent heat flux computed by the Penman equation (LEP) and REB method
(LER) were tested with latent heat flux measurements from the BREB system (LEB) on
20-minute time intervals. For each day, comparisons include the standard error of
estimate (SEE) and absolute relative error (ARE). The overall comparison includes a Z-
test to check whether the ratio LEB to LER or LEB to LEP were significantly different
from unity.
The daytime variation of LEB, LER and LEP are plotted in Figures 4.1a through
4.8b under different atmospheric conditions for a well irrigated grass canopy. The net
radiation is plotted in these figures as a reference energy state throughout the daytime
period. Flux comparisons in Figures 4.1a through 4.8b and Table 4.3 indicated that the
agreement between LEB and LER was close during the daytime under a wide range of
atmospheric conditions and degree of cloudiness. Comparisons between LEB and LER
indicate that differences on a 20 minute basis and the daytime value of SEE were not
appreciably affected by the atmospheric demand for water vapor. In fact, mean values of
SEE for clear days and days with Rai less than 0.95 were 21.7 W ni-2 and 17.2 W rn-2,
respectively. Similarly, mean values of ARE for clear days and days with Rai less than
0.95 were very close. However, the performance of the Penman method was markedly
affected by the atmospheric demand for water vapor. The Penman method with an
aerodynamic resistance corrected for atmospheric stability tended to overestimate latent
heat flux for clear days and days with Rcd less than 0.95. In general, differences between80
LEB and LEP on a 20 minute basis were much larger on clear days thanon days with Rcd
less than 0.95, but the mean ARE values in bothcases were very similar.
For clear sky conditions, maximum values of LEB and LERwere observed during
the afternoon when Ta and VPD were maximum (Figures 4.1a through 4.4b). Underthese
conditions, values of LEB were very close to those of LER. Departures between LEB
and LER were observed during the morning, excepton day 183-91 when LER was greater
than LEB throughout the daytime (Figure 4.3a). The highest disagreements between LEB
and LER were on day 183-91. For this day, the daytime value of SEE and AREwere
31.6 W in-2 and 11.1 %, respectively. On the other clear days, values of SEEranged
between 11.2 W rif2 and 26.9 W 111-2 and ARE values varied between 0.1 and 8.1%.
However, comparisons between LEB and LEP indicated thatas the air temperature and
vapor pressure deficit water vapor increased, differences between LEB and LEPon a 20
minute basis and SEE values were substantial increased. Days 127-92, 134-91,135-91,
and 136-91 presented similar atmospheric conditions and values of SEE for LEPranged
between 58.7 W nr-2 and 69.3 W in.-2. However days 183-91, 188-91, and 189-91
presented the driest atmospheric conditions associated with high wind speed during the
morning and afternoon (See Table 4.1). For these days, SEE valueswere between 73.3
W m2 and 118.5 W in-2.The driest atmospheric conditions and the largest
disagreement between LEB and LEP were foundon day 183-91 (Figure 4.3 a and Table
4.1). In fact, the warmest atmospheric conditions and the highest differences (180 W in-2
) for the clear sky conditions were foundon day 183-91. The lowest daytime cumulative
solar radiation and net radiation for the clear dayswere found on day 269-91 (Figure 4.4
b). For that day, considerable differences between LEB and LEP ranged between 20
W ni-2 and 67 W rif2 and the SEE valuewas 42.3 W in' which was the lowest value81
observed under clear sky conditions. In addition values of LEB, LER, and LEPwere
greater than those of the net radiation during late afternoon. This phenomenon wasmore
pronounced on days 183-91, 188-91, and 189-91 (Figures 4.3a, 4.3 b, and 4.4 a). For
these days, from 1600 h to 1900 h, differences between LEP and LEBwere less than 75
W . n-1-2.On the other hand, values of LEB and LER were very close and differences
between them were not appreciable (less than 20 W rn-2 ).
As the percent of cloudiness increased the incoming solar radiation and surface
energy fluxes were appreciable reduced (Figure 4.5 a through 4.8 b). In general, days
with Rai less than 0.95 were cooler and moister than clear days (Table 4.1). In Table4.3,
comparisons between LEB and LER indicate that SEEwas not considerable reduced by
cloudiness. Under these conditions, SEE values ranged between 10.7 W. m2 and 27.0
W m2 which were similar to the range for clear sky conditions. Similarly, variationof
ARE values for clear days and days with Itcd less than 0.95were very close. Comparisons
between LEB and LEP indicated that differences on a 20 minute basis and the daytime
values of SEE were appreciable reduced by cloudiness. For days 097-91, 098-92,100-92,
and 101-91, which presented the highest amount of cloudcover (the ratio Red was
between 0.28 and 0.49) and the coolest atmospheric conditions, SEE values ranged
between 12.8 W 1-re and 32.4 W m2.The lowest value of SEE and ratio R,d were
observed on days 100-92 and 101-92 (Table 4.2 and 4.3).For these days, the daytime
variation of LEB and LEP were very close and the maximum differencewas 30 W ril.'.
For Julian days 096-92, 126-92, 190-91, and 270-91, with 1?..,, between 0.73 and 0.85,
SEE values were considerable increased, especially on days 126-92 and 190-91 which
presented a higher atmospheric demand for water vapor (higher air temperature andvapor82
pressure deficit). For these four days, the SEE was between 38.3 W m2 and 65.0
W in--2 and ARE values ranged between 22.1 % and 30.5 %.
The overall comparison between LEB and LER using 20 minute fluxes is
presented in Figure 4.9. It can be seen that the ratio of mean LEB/LERwas close to 1:1
line. However, result of the Z-test indicated that mean values of the ratiowere
significantly different from unity at the 95 % confidence level. Values of the Z-testwas
10.4, and ratio between LEB and LER was 0.97. The overall values of SEE and ARE
were 19.5 W m2 and 5.3 %, respectively. The overall comparisons between LEB and
LEP in Figure 4.10 indicated that the ratio of the mean LEB/LEP tended to be less than
1:1 line for latent heat flux values above 150 W m2.The Z-test indicates that the ratio
between LEB and LEP was significantly different from unity at the 95 % confidence level.
Values of the Z-test and ratio between LEB and LEP were -49.3 and 0.80, respectively.
Table 4.3 indicates that the Penman method tended to overpredict latent heat flux by
about 22.0 % with an overall value of SEE of 56.1 W m2.83
Table 4.3. Statistical results of latent heat flux analysison a 20 minute
basis for a well irrigated grass under different atmospheric conditions.
Clear Days SEE
(w na_2)
ARE
(%)
LER LEP LER LEP
127-92 25.2 59.7 6.2 20.7
134-92 18.5 58.4 2.0 17.3
135-92 21.1 62.2 2.0 22.5
136-92 11.2 69.3 0.1 22.3
183-92 31.6 118.5 11.0 39.3
188-91 22.2 79.7 4.4 20.7
189-91 26.9 73.3 6.1 14.9
269-91 17.1 42.3 8.1 20.3
Mean 21.7 73.6 5.0 22.3
Days with Red
less than 0.95
096-92 27.4 51.8 2.4 22.4
097-92 10.7 32.4 4.8 28.5
098-92 11.4 30.2 9.9 27.2
100-92 12.4 12.9 1.9 2.4
101-92 13.9 15.8 12.9 18.3
126-92 20.5 58.1 6.6 22.1
190-91 24.8 65.9 2.4 22.4
270-91 16.7 38.8 2.1 30.5
Mean 17.2 38.5 5.4 21.7
Overall 19.5 56.1 5.2 22.084
5. CONCLUSIONS
Results indicate that the REB method was able to predict daytime variation of
latent heat flux under a wide range of atmospheric conditions for a well irrigatedgrass.
The Penman combination method was considerable affected by the atmospheric demand
for water vapor. The difference between LEB and LEP ona 20 minute basis and daytime
values of SEE were significantly increased as the atmospheric demand for watervapor
increased. Disagreements were probably produced because the Penman model does not
account for the internal resistance of the plant. Several researchers have indicated that
plants growing with a plentiful of water supply should still havea minimum canopy
resistance. The magnitude of the minimum canopy resistance dependson plant species
and water uptake capacity of the root system to satisfy the atmospheric demand forwater
vapor. The residual energy balance, with an adequate parameterization of sensible heat
flux and accurate measurement of surface temperature, accounts for the effect of the
internal resistance of the plant which controls the stomatal opening (See chapter 3).85
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Figure 4.2 Daytime variation of latent estimated by the Bowen ratioenergy balance
(LEB), residual energy balance (LER) and Penman (LEP) methods for Julian days 135-92
and 136-92.87
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Figure 4.3 Daytime variation of latent estimated by the Bowen ratioenergy balance
(LEB), residual energy balance (LER) and Penman (LEP) methods for Julian days 183-91
and 188-91.88
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Figure 4.9 Overall comparison between latent heat flux estimated by the Bowen ratio
energy balance (LEB) and residual energy balance (LER) methods for a well irrigated
grass (n = 556 points).94
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CHAPTER 5. DAYTIME VARIATION OF ACTUAL
EVAPOTRANSPIRATION BY THE RESIDUAL ENERGY
BALANCE AND PENMAN-MONTEITH METHODS
1. ABSTRACT
A study was performed to evaluate the daytime variation of latent heat flux
computed by the residual energy balance method (LER) and Penman-Monteith equation
(LEPM) over a grass canopy under different atmospheric conditions, and a volumetric soil
moisture content raging between field capacity (39.4) and 25 %. The aerodynamic
resistance included in the residual energy balance and Penman-Monteith methodswas
corrected for atmospheric stability using the OSUlDPBL stability function. A variable
canopy resistance developed for a grass canopy was included in the Penman-Monteith
equation. The performance of the residual energy balance and Penman-Monteith
combination methods was tested with latent heat flux measurements from the Bowen ratio
energy balance method (LEB) on a 20 minute time interval. Results indicate that LER
compared very well with LEB under varied atmospheric conditions and soil moisture
status with an overall standard error of estimate (SEE) of 16.3 W nf 2 and absolute
relative error (ARE) of 3.1 %. Comparisons between LEPM witha variable canopy
resistance and LEB indicate that the overall value of SEE and AREwere 29.7 W In-2
and 5.6 %, respectively.96
2. INTRODUCTION
The Penman approach has been much more popular than the residualenergy
balance (REB) method because it eliminates surface temperature (Mc Naughton and Jarvis,
1984; Rosenberg et al., 1983; Wiess, 1982). However, the simplification achieved in the
Penman equation by elimination of surface temperature is at theexpense of requiring
determination of canopy resistance (Rose and Sharma, 1984). Therefore, the application
of the Penman approach requires understanding the physiology of stomatal behavior well
enough to choose the correct value of the canopy resistance to insert in the Penman-
Monteith equation (Denmead, 1984). However this task isvery difficult to accomplish
because the canopy resistance depends on nonlinear interactions ofmany biological and
environment factors (Monteith, 1985). The canopy resistance, which reflects stomatal
regulation of water loss by the plant, varies both diurnally with meteorological conditions
and seasonally with phenological development (Dunin and Aston, 1984). A furthercause
of temporal variation in canopy resistance involves the availability of soilwater for
transpiration. Limitation of our current ability to predictcanopy resistance reinforces the
need for more readily measured parameters (Rose and Sharma, 1984, Stewart, 1984;
Fitter and Hay, 1991).
On the other hand, use of the REB method, which is highly dependenton surface
temperature, is now becoming a practical alternative because advances in instrumentation
technology allow for accurate, reliable measurement of surface temperatureat relatively
low cost (Hatfield and Wanjura, 1985; Hatfield, 1987; Piere and Fuch, 1990; Rayet al.,
1987). The REB method, like the Penman approach, requires measurement ofnet97
radiation, soil heat flux, wind speed, and air temperature. However,the REB method is
independent of humidity and canopy resistance terms. The physiologicalaspects of the
canopy resistance are accounted through the heat exchange or temperature gradient
between the canopy surface and the atmosphere. When thecanopy resistance increases
for any reasons (soil water stress, high atmospheric demand forwater vapor, diseases,
inadequate field management, etc.), the sensible heat flux is increased(latent heat flux is
reduced) resulting in an increase in the temperature gradient.
The main objective of this study was to evaluate the performanceof the residual
energy balance (REB) and Penman-Monteith combination methods for predicting latent
heat flux from a grass canopy under different atmospheric anda volumetric soil moisture
content ranging between 39.4 % and 25.0 %. Bowen ratioenergy balance (BREB) fluxes
were used as standard for comparisons on a 20 minute time steps. The aerodynamic
resistance used in the REB and Penman-Monteith combinationmethods was corrected for
atmospheric stability using the OSUlDPBL stability function (Ekand Mahrt, 1991). A
canopy resistance developed at the ETIP site was used in the Penman-Monteith equation.
Description of the Bowen ratio energy balance and residualenergy balance
methods are explained in Chapter 2 (Sections 5 and 6.1).
The Penman-Monteith Combination Method
The latent heat flux estimated by the Penman-Monteith modelcan be estimated as
follows:LE =
A(R
n
G)+ yEa
A + y*
[5.1]
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where LE is the latent heat flux (W m-'); A is the saturationvapor pressure (mb° C');
Rn is the net radiation (W m-'); G is the soil heat flux (W m-');y is the psychrometric
constant (mb°C-'); E. is the aerodynamic vapor transport term (W m-'); y. is the
modified psychrometric constant (mb° C-'). The aerodynamicvapor transport term,
which represent the combined effect of wind speed, air temperature,vapor pressure deficit
and atmospheric stability over water losses from the canopy,can be estimated as
(Brutsaert, 1982):
E =
L ep
a
VPD
a
1:13
[5.2]
where Lv is the latent heat of vaporization (J kg-'); e is the ratio of the molecular weight
of water to the molecular weight of dry air, 0.622; pa is the air density (kg m');VPD is
the vapor pressure deficit (mb); ra is the aerodynamic resistance (s m'); P is the
atmospheric pressure (mb). Parameterization of ra is presented in Chapter 2 (Section 4)
The modified psychrometric constant, which represents plant controlover the
water losses from the canopy, can be computed by
y = A +y(1.+E) [5.3]
ra99
where r is the canopy resistance (s m'). A variable canopy resistance developedover a
grass canopy at the Oregon Evapotranspiration Investigation Plot (ETIP) was used in
Penman-Monteith equation (for more details see Section 7.3). This formulation, which
combines the effect of the total energy available (R-G), vapor pressure deficit, and soil
water status, can be expressed as follows:
paCpVPD (OFOw)
=y(Rn G) (0Ow )
[5.41
where r is the canopy resistance (s m-1); Cp is the specific heat of the airat constant
pressure, 1013 J. kg .° K-1;OF is the volumetric soil moisture content at field capacity
(fraction); Ow is the volumetric soil moisture content at wilting point (fraction); 0 is the
volumetric soil moisture content (fraction).100
3. MATERIALS AND METHODS
The analysis on daytime variation of latent heat fluxover a grass canopy at the
Oregon Evapotranspiration Investigation Plot (ETIP) (44°314" N, 123'188'W) located
15 km north of Corvallis was carried out from May 14to May 30, 1992. A Bowen ratio
energy balance (BREB) system was installed in the middle of the field and usedto obtain
the latent heat flux on a 20 minute time interval. BREB dataincluded air temperature
(Ta), air vapor pressure (ea), wind speed (u), net radiation (Rn),and soil heat flux (G).
The air temperature, air vaporpressure, and wind speed were measured at 0.4 m and 1.4
m above the grass surface. The air temperature was measured at two heights using fine-
wire thermocouples. The air vaporpressure gradient was determined by using a single
cooled mirror hygrometer (dew-10). The wind speedat the two heights was measured
using a photochoper anemometer witha threshold of 0.2 m. s-'. Net radiation was
measured by a Q6 Fritchen type net radiometer. The soil heatflux was estimated by two
soil heat plates placed at 0.08 m depth and two thermocouplesinstalled above each plate
at a depth of 0.02 m and 0.06 m. The resulting output signals from the BREBsystem were
averaged on 20 minute time periods. Additional data measuredat the ETIP site included
incoming(IROand reflected (TR,$) solar radiation,surface temperature (Ts) and
volumetric soil moisture content (0 ). The incoming and reflectedsolar radiation were
measured with an albedometer (model 3023) and surfacetemperature was measured with
an Everest Interscience temperature transducer ( model 4000). The volumetric moisture
content in the top 60 cm was measured using a Campbell Pacific Nuclear probe (CPN-
model 503) on a weekly basis.101
A uniform grass cover with a grass height between 5cm and 8 cm was maintained
throughout the 17-day period. No water applicationwas done throughout the 17-day
period. The volumetric soil moisture content in the top 60cm decreased from field
capacity ( 39.4 % ) to 25 %.
Maximum and minimum daily values of Ta, RH,u and Ts are listed in Table 5.1.
Maximum values of Etn, G, the ratio between measured Ills and estimatedclear sky
solar radiation (Itcd), and maximum and minimum values of the Bowen ratio 03)are
presented in Table 5.2. Procedures to compute clear sky solar radiationare described by
Jensen et al. (1990). Days that received a total incoming solar radiationgreater than 95 %
of the estimated clear sky solar radiation were classifiedas clear days. To avoid serious
errors in the estimation of BREB fluxes, values of the Bowen ratio less than -0.75were
not used in the analysis.102
Table 5.1. Daily air temperature, relative humidity, wind speed, andsurface
temperature (from May 14 to May 30, 1992).
Julian Day Ta
( °C )
RH
( %)
U
( M S-1 )
Ts
( °C )
Max.Min.Max.Min.Max.Min.Max.Min.
134 24.0 4.9100.036.83.200.2329.9 0.1
135 21.9 3.2100.036.32.120.2528.1 0.0
136 25.4 3.6100.040.93.580.3328.8 0.1
137 26.0 7.4100.044.74.710.3930.0 3.6
138 22.9 5.0100.047.03.180.2629.6 3.8
139 19.4 7.4100.051.64.110.3731.3 1.3
140 17.0 2.9100.039.74.010.3727.4 0.2
141 18.7 1.1100.032.14.040.2826.8 0.2
142 24.3 2.7100.036.53.960.2730.1 -0.1
143 27.5 5.8100.034.93.200.2131.8 0.8
144 30.0 8.2100.036.93.380.2233.6 3.7
145 23.2 12.490.949.23.820.4731.3 9.1
146 21.9 8.499.153.33.910.3029.7 1.2
147 21.4 5.7100.052.03.680.2128.8 1.0
148 22.711.097.854.73.320.6430.1 2.6
149 23.510.3100.041.13.340.2930.4 1.9
150 26.1 11.795.543.93.680.4131.5 4.7103
Table 5.2 Net radiation, soil heat flux, Bowen ratio values, and the ratiobetween
the measure incoming solar radiation and estimated clear sky solarradiation (Rcd)
(from May 14 to May 30, 1992).
Julian Day R
(vm_2)
G
(W. m 2 )
i3 Itcd
Max. Max. Max. IMin.
134 585 128 0.56-0.63 0.91
135 590 123 0.66-0.17 0.98
136 607 130 0.58-0.35 0.96
137 607 132 0.48-0.33 0.88
138 588 121 0.93-0.30 0.74
139 649 140 0.65-0.40 0.63
140 636 105 0.780.09 0.81
141 602 114 0.97-0.34 1.00
142 609 133 0.73-0.17 0.88
143 596 128 0.73-0.28 0.96
144 598 138 0.83-0.22 0.95
145 600 116 0.61-0.44 0.66
146 637 137 0.68-0.24 0.80
147 594 120 1.09-0.25 0.90
148 537 81 0.75-0.17 0.70
149 602 125 0.87-0.42 0.98
150 607 117 0.94-0.25 1.00104
4. RESULTS AND DISCUSSION
The latent heat flux computed by the REB method(LER) and Penman-Monteith
equation (LEPM) was evaluated with latent heat fluxmeasurements from the BREB
system (LEB) for a grass canopy under different atmospheric conditionsand decreasing
soil moisture content on a 20 minute time interval. Foreach day, comparisons include
standard error of estimate (SEE) and absolute relativeerror (ARE). The overall
comparison includes a Z-test to check whether the ratioLEB to LER or LEB and LEPM
were significantly different from unity.
The daytime variation of LEB, LER, and LEPM isplotted in Figures 5.1a through
5.9a over a grass canopy under different atmosphericconditions, and decreasing soil
moisture content. These Figures and Table 5.3 indicatethat the performance of the REB
and Penman-Montieth combination methodswere close to that of the BREB system.
However, results shown in Table 5.3 indicate that theperformance of the REB method
was better than that of Penman-Monteith equation. In both clear daysand days with Rod
less than 95 %, mean values of SEE and ARE forthe REB method were two times less
than the ones for the Penman-Monteith approach.However, in both methods, the mean
values of SEE and ARE for clear dayswere similar to those for days with Rai less than 95
%. In addition, the performances of the REB andPenman-Montieth methods were not
considerable affected as the volumetric soil moisturecontent in the top 60 cm decreased
from field capacity ( 39.5 %) to 25 %. On days 134(Figure 5.1a) and 150 (Figure 5.4a),
which had similar atmospheric characteristic (SeeTable 5.1), the grass surfacewas very
wet and dry, respectively. Under these conditions, latent heatflux was not appreciable
reduced throughout the 17-day period indicating thatthe grass was able to uptake enough105
water from the deeper soil layer to satisfy the atmospheric demand forwater vapor. On
day 134, the daytime cumulative value of LEB, LER, andLEPM were 78.2 %,79.0 %,
and 72.4 % of the total available energy (Rn G),respectively. Seventeen days later, on
day 150, the daytime cumulative value of LEB, LER, andLEPM were 71.4 %,72.2 %,
and 75.0 % of the total availableenergy , respectively.
For clear sky conditions, maximum values of LEB,LER, and LEPM observed
between 1200 h and 1400 h were very close,except on day 141 (from Figures 5.1 a to
5.4b). On day 141, maximum values of LEB, LER, andLEPM were 297 W In-2, 280
W m-2, and 342 W m2, respectively (Figure 5.2b). Main departure between LEB and
LER were observed during the morning, buta very close agreement between LEB and
LER was found during the afternoon when the airtemperature and air vapor deficit were
maximum. However, main disagreement between LEB andLEPM were observed either
during the morning or afternoon. During the morning,LEPM tended to be grater than
LEB, but an inverse pattern was observed during theafternoon. In both, the REB and
Penman-Monteith methods, disagreements found during the morningwere associated with
moist and cool atmospheric conditions. Comparisons betweenLEB and LER indicated
that the mean value of SEE and AREwere 15.4 W m2 and 2.8 %, respectively. Main
departure between LEB and LER were observedon day 141, which presented the lowest
values of air and surface temperature throughout the experiment( Table 5.1). On day
141, LER tended to be less than LEB from 720 hto 1500 h with a maximum difference of
47 W m-2 (Figure 5.2b). However, LER and LEBwere very close after 1500 h. On day
141, SEE was 24.0 W In-2 and AREwas 7.6 %. For the other clear days, SEE and ARE
values were less than 21.0 W In-2 and 4.1 %, respectively.Comparison between LEB
and LEPM indicated that the SEE value ranged between 23.0 W In-2and 39.1 W m2,106
and ARE values were less than 7.2 %. The highest and the lowest SEE valueswere
observed on day 141 and 135, respectively. On day 141, LEPM tendedto be greater than
LEB from 820 h to 1500 h with a maximum difference of 62 W In-2.However, an
inverse pattern was observed from 1700 h to 1820 h ( Figure 5.2b ). Onday 135, LEB
and LEPM values were close throughout the daytime with difference lessthan 34 W M-2
with a ARE value of 3.2 % (Figure 5.1b). On the other clear days, SEE rangedbetween
28.0 to 34.0 W m-2, but these days presented ARE values less than 4.1%. On 134,
136, 143, 144, and 150, differences between LEB and LEPM producedin the morning
were compensated by the departure observed during the afternoon (Figures 5.1a, 5.2 a,
5.3 a, 5.3 b, 5.4 a and 5.4 b).
For partially cloudy and cloudy days (Rcd less than 0.95 %), the daytimetrend of
latent heat flux was considerably affected by the amount of incomingsolar radiation and
net radiation level, but the daytime behavior of LEB, LER, and LEPMwas close (from
Figure 5.5 a to Figure 5.9 a). Comparisons between LEB and LERindicated that the
mean values of SEE and ARE were 17.2 W M-2 and 3.4 %, respectively (Table 5.3).
Main disagreements were observed on day 146 from 1040 hto 1420 h with a maximum
difference of 85 W M-2 (Figure 5.8a). For this day ARE and SEEwere 12.9 % and 34.5
W. m-2, respectively. For the other days with Red less than 0.95%, values of SEE and
ARE were less than 20.5 W In-2 and 7.2 %, respectively. Comparisonbetween LEB
and LEPM indicated that the main discrepancieswere found on day 137 and 147 (Table
5.3). On day 137, LEPM tended to be less than LEB during the afternoon,but a very
close agreement was found during the morning (Figure 5.5a). On day147, LEPM tended
to be larger than LEB from 800 h to 1440 h with a maximum difference of 67 W m2
(5.8b).107
The overall comparison between LEB and LER is presentedin Figure 5.10. This
Figure indicated that the ratio LEB to LERwas close to one. The ratio of the mean
LEB/LER was 0.98 and was significant different from unityat the 95 % confident level
(Z-test equal to -4.80 ). The overall value of SEE andARE were 16.3 W In-2 and 3.1
%, respectively. Figure 5.11 displays the overallcomparison between LEB and LEPM.
This Figure indicated that the ratio LEBto LEPM was close to 1:1 line, but it presented
more variation than the LEB/LER ratio. Results of the Z-test indicatethat ratio between
LEB and LEPM was significantly different fromunity. Values of the Z-test and ratio
between LEB and LEPM were -5.48 and 0.97, respectively.The overall ARE value was
5.6 % with a SEE value of 29.7 W M.-2.108
Table 5.3. Statistical results of sensible heat flux analysison a 20 minute basis for grass
canopy under a volumetric soil moisture content ranging between field capacity(39.4 %)
and 25 % and different atmospheric conditions..
Clear Days SEE
(w.m2
ARE
( % )
LER LEPM LER LEPM
134 11.9 32.4 1.2 7.3
135 21.2 22.9 0.6 3.2
136 14.5 32.4 2.8 7.4
141 24.0 39.6 7.6 9.7
143 19.2 32.1 4.1 0.5
144 12.7 28.4 1.9 1.2
149 11.9 34.2 3.0 6.6
150 8.1 34.3 1.1 5.0
Mean 15.4 32.0 2.8 5.1
Days with Red
less than 0.95
137 12.9 35.7 0.1 11.1
138 13.1 19.0 0.4 5.2
139 16.7 20.7 4.7 0.2
140 20.5 21.1 0.4 3.9
142 14.8 28.5 1.8 4.2
145 22.1 32.5 7.2 7.7
146 34.5 28.4 13.0 6.7
147 10.3 36.7 1.4 11.6
148 10.0 23.7 1.4 4.0
Mean 17.2 27.4 3.4 6.1
Overall 16.3 29.7 3.1 5.6109
5. CONCLUSIONS
The comparisons provide evidence of the robustnessof the residual energy balance
and Penman-Monteith methods to predict daytimevariation of latent heat flux for short
periods of time under different atmospheric conditionsand decreasing soil moisture
content. However, results indicate that the residualenergy balance method presented a
better performance than the Penman-Monteith equation.The overall values of SEE and
ARE for the Penman-Monteith equationwere two times greater than the ones for the
residual energy balance method. Probably, thisdifference was produced because oferror
in the estimation of the canopy resistance.However, considering that the behavior of the
canopy resistance depends on the complex interactions of light, atmospherichumidity
deficit, and soil moisture content, the Penman-Monteithequation with a canopy resistance
developed for grass canopy at the ETIP site providedgood latent heat flux estimates with
errors less than 6.0 %.110
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Figure 5.10 Overall comparison between latent heat flux estimated bythe Bowen ration
energy balance (LEB) and residual energy balance (LER) methods (n= 646 points).120
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CHAPTER 6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary
The Penman approach has been muchmore popular than the residual energy
balance (REB) method because it eliminates surface temperature (McNaughton and Jarvis,
1984; Rosenberg et al., 1983;Weiss, 1982). However, the simplificationachieved in the
Penman equation by elimination of surface temperature isat the expense of requiring
determination of canopy resistance (Rose and Sharma, 1984). Therefore,the application
of the Penman approach requires understanding the physiology ofstomatal behavior well
enough to choose the correct value of thecanopy resistance to insert in the Penman-
Monteith equation (Denmead, 1984). However this task isvery difficult to accomplish
because the canopy resistance dependson nonlinear interactions of many biological and
environment factors (Monteith, 1985). Thecanopy resistance, which reflects stomatal
regulation of water loss by the plant, varies both diurnally withmeteorological conditions
and seasonally with phenological development (Dunin and Aston,1984). A further cause
of temporal variation in canopy resistance involves the availability ofsoil water for
transpiration. Limitation of our current ability to predictcanopy resistance reinforces the
need for more readily measured parameters (Fitter and Hay, 1991; Roseand Sharma,
1984; Stewart, 1984).
On the other hand, use of the REB method, which is highly dependenton surface
temperature, is now becoming a practical alternative because advances in instrumentation
technology allow for accurate, reliable measurement of surfacetemperature at relatively122
low cost (Hatfield, 1985; Hatfield, 1987; Hatfield and Wanjura,1985; Piere and Fuch,
1990; Ray et at., 1987). The REB method, like the Penmanapproach, requires
measurement of net radiation, soil heat flux, wind speed, and airtemperature. However,
the REB method is independent of humidity andcanopy resistance terms. The
physiological aspects of the canopy resistanceare accounted through the heat exchange or
temperature gradient between the canopy surface and the atmosphere. Whenthe canopy
resistance increases for any reasons (soil waterstress, high atmospheric demand for water
vapor, diseases, inadequate field management, etc.), the sensible heat flux is increased
(latent heat flux is reduced) resulting inan increase in the temperature gradient.
The main objective of this studywas to compare the performance of the residual
energy balance (REB), Penman, and Penman-Monteith combination methods for
predicting latent heat flux from a grasscanopy under different atmospheric and soil
moisture conditions. Bowen ratioenergy balance (BREB) fluxes were used as standard
for comparisons on a 20 minute timesteps. Because the REB method requires accurate
estimation of sensible heat flux, the classical aerodynamicmethod to predict sensible heat
flux also was evaluated under a variety of atmosphericand soil moisture conditions. The
aerodynamic resistance used in the classical aerodynamic,Penman, and Penman-Monteith
combination methods was corrected for atmospheric stabilityusing the OSUlDPBL
stability function. A canopy resistance developedat the ETIP site (ETIP-r, ) was
introduced in the Penman-Monteith equation.
The first analysis consisted ofan evaluation of the classical aerodynamic method
corrected for atmospheric stability to predict sensible heat fluxunder different atmospheric
and soil moisture conditions. This analysis indicated thatthere was excellent agreement
between the sensible heat flux computed by the aerodynamicmethod (HA) and that123
estimated by the BREB system (HB) under a wide range of atmospheric and soil moisture
conditions. The overall coefficient of determination was 0.94 and the slope of the
regression line through the origin was 0.95. Results indicated that the sensible heat flux
was considerably affected by cloudiness, but the daytime behaviors of HA and HB were
similar. Furthermore, the ability of the aerodynamic method to predict sensible heat flux
was not appreciable affected by the soil moisture content. The daytime patterns of HA
and HB were in close agreement for a volumetric soil moisture content ranging from field
capacity (39.4 % ) to high soil water stress ( 19.5). These results suggest that the
aerodynamic method corrected by the OSUlDPBL atmospheric stability function in
combination with the surface energy balance could be used to estimate latent heat flux
over a grass canopy under different atmospheric and soil moisture conditions.
The second analysis consisted of an comparison of the ability of the REB method
using the aerodynamic method for predicting sensible heat flux, and the Penman model
with canopy resistance equal zero, to estimate latent heat flux froma well irrigated grass
under different atmospheric conditions. Results indicated that the REB methodwas able
to predict daytime variation of latent heat flux under a wide range of atmospheric
conditions for a well irrigated grass. The overall standarderror of estimate (SEE) was
19.5 W ni-2 and the absolute relative error (ARE)was 5.2 %. However, the performance
of the Penman model was substantial affected by the atmospheric demand forwater vapor.
As the atmospheric demand for water vapor increased, SEE values increased, but ARE
value were close. Results indicated that the Penman approach, withcanopy resistance
assumed to equal zero, tended to overestimate the latent heat flux under well irrigated
grass conditions, especially under high atmospheric demand for water vapor (high air
temperature and air vapor pressure deficit). The overall SEE and ARE were 56.1 W m2124
and 22.0 %, respectively. These results indictedthat 1) the application of the Penman
model corrected for atmospheric stability andassuming canopy resistance equal tozero
for a well irrigated grass is questionable, especiallyunder very dry atmospheric conditions
; and 2) that the REB method was superior for predicting latent heatflux under a variety
of atmospheric conditions.
The errors observed in the Penman model whencanopy resistance is assumed to be
zero could be explained because plants presentan internal resistance even under well
irrigated grass and optimumgrass growth conditions. The internal plant resistance, which
is a combination of root, xylem, andmesophyll resistances, controls thecanopy resistance
by altering the leaf water potential. Probably,at the ETIP site, the internal plant resistance
to water flow was increased because the water uptakecapacity of the root systemwas not
able to satisfy the atmospheric demand forwater vapor, especially under very dry
atmospheric conditions. Under such conditionsthe canopy resistance was increased,
resulting in an increased sensible heat fluxand reduction of latent heat flux. On theother
hand, the REB method was able to predictlatent heat flux more accurately than the
Penman model without knowing the behavior ofthe canopy resistance
The third analysis consisted ofan evaluation of the REB method and the Penman-
Monteith equation with ETIP-r, to estimatelatent heat flux under various atmospheric
conditions and decreasing soil moisture (from 39.4% to 25 %). Results indicated that the
performances of the REB and Penman-Monteithmethods were good. Comparisons
between the REB and BREB methods indicatedthat overall SEE and ARE valueswere
16.3 W ni--2 and 3.1 %, respectively. Onthe other hand, comparisons between the
Penman-Monteith and BREB methods indicatedthat overall SEE and ARE valueswere
29.7 W m2 and 5.6 %, respectively.Furthermore, the performance of REB and125
Penman-Monteith methods were not significantly affectedas the soil moisture content in
the top 60 cm decreased from 39.4 % to 25 %.
This study suggests that atmospheric stability correctioncombined with short-
period mean weather data is not enough to improve theaccuracy of the Penman equations
under well irrigated grass conditions. Under these conditions,the Penman approach
requires accurate parameterization ofcanopy resistance. The ETIP-r was able to
improve the accuracy of the Penman approach considerablyunder different atmospheric
conditions. According to the results, the Penman-Monteithequation provided a good
estimate of latent heat flux using adequate parameterizationof aerodynamic and canopy
resistances combined with short-periodmean weather data. However, even with these
improvements, overall values of SEE and ARE for thePenman-Monteith model were two
time greater than the ones for the REB method.Nevertheless, the reader should keep in
mind that the grass has low rough surfaces anda simple canopy. Errors observed at the
ETIP site could be greater if the REB and Penman-Monteithmodels were applied to
heterogeneous plant communities and high rough surfacessuch as forest canopy. A more
complex parameterization of canopy and aerodynamic resistancescould be required.
Conclusions
The following specific conclusionswere obtained from this study :
The classical aerodynamic method corrected by theOSUlDPBL atmospheric stability
function was able to predict sensible heat flux under variedatmospheric and soil moisture
conditions126
The residual energy balance method in combinationwith the classical aerodynamic
technique was superior to the original Penman equationfor predicting latent heat flux fora
well irrigated grass under different atmosphericconditions
The introduction of the ETIP-canopy resistanceconsiderably increased the performance
of the Penman-Monteith equation. However,even with these improvements, the residual
energy balance method still was superior.
If the surface temperature is available, thePenman model and maybe the Penman-
Monteith equation could be replaced by theresidual energy balance method tocompute
evapotranspiration for different types of vegetationand soil moisture status.
Recommendations
This study has suggested that, if surfacetemperature is available, the REB model
could replace the Penman approach. Tosupport this hypothesis the following future
research in evapotranspiration is suggested:
Evaluation of the REB and Penman-Monteithmethods to predict latent heat fluxover
vegetation with high rough surfaces and non-uniformcanopies. This evaluation should
include different atmospheric and soil moistureconditions
Evaluation of the effect of root system developmentand plant density in the
performance of the REB and Penman-Monteithmethods. This study could be done for
different types of soil, soil moisturestatus, and atmospheric conditions.
Evaluation of the effect of fertilization andirrigation frequency in the REB and Penman-
Monteith methods.127
For situation where surface temperature isnot available, future research in
evapotranspiration could concentrateon the Penman-Monteith equation and the canopy
resistance parameterization. The following research issuggested :
Evaluation of the canopy resistanceover different types of vegetation under optimal and
limited soil water conditions. In this study the ETIP-canopyresistance and Jarvis
formulation could be evaluated.
Evaluation of the effects of field management suchas fertilization, irrigation, plant
density, etc. on the canopy resistanceresponse.
Evaluation of the ETIP-canopy resistance and Jarvis formulationunder different
combination of atmospheric conditions and fieldmanagement over the canopy behavior
both diurnally as well as seasonally.128
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